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ABSTRACT 
 Bioelectricity refers to differential membrane voltage and cytoplasmic ion 
concentrations in tissues or cells which persist over long periods of time. Differences in 
these steady-state ionic conditions are responsible for large-scale axial patterning and 
morphogenesis in developing embryos. The sea urchin embryo is an excellent model 
organism for studying embryonic development, yet a comprehensive study of 
bioelectricity in sea urchin development has not been reported. Differential ion channel 
activity is a primary means by which bioelectricity is controlled; thus, we hypothesized 
that disrupting ion channel activity would reveal the requirements for bioelectricity in the 
sea urchin embryo. We performed a screen of ion channel inhibitors and discovered that 
their activities are required for many processes in sea urchin development. We chose two 
interesting phenotypes to investigate further. First, we demonstrate that H+/K+ ATPase 
(HKA) activity is required for biomineralization of the sea urchin larval skeleton. We 
determined that embryos raised with HKA inhibitors initially exhibit voltage and pH 
changes, then revert to normal voltage and pH during biomineralization via compensatory 
changes in sodium and chloride ions; it is likely that these compensatory changes lead to 
defects in transport of carbonate ions, that in turn, inhibit biomineralization of the 
  vii 
calcium carbonate skeleton. We hypothesize that similar mechanisms are at play in 
human patients on long-term HKA inhibitors to treat acid reflux, in whom 
biomineralization is also decreased. Next, we demonstrate that V-type H+ ATPase (VHA) 
activity is required for specification of the dorsal-ventral (DV) axis, for the normal 
inactivation of p38 MAPK in the presumptive dorsal region, and for the subsequent 
asymmetric onset of expression of the TGFβ family member Nodal, that locally specifies 
the ventral territory. Embryos treated with VHA inhibitors exhibit global p38 MAPK 
activity and Nodal expression, and are ventralized. We describe previously unknown 
gradients of voltage and pH across the DV axis, the sharpness of which requires VHA 
activity. We propose that the voltage and pH gradients encode spatial information which 
confers asymmetry on p38 MAPK activity. Overall, we demonstrate that bioelectrical 
changes are essential for development of the sea urchin embryo, specifically via roles in 
biomineralization and DV axis specification. 
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Chapter One 
Introduction 
1.1 Abstract 
Bioelectricity is defined as a steady state electrical property of cells that reflects 
that overall ionic concentration and voltage signature in a given cell or tissue. 
Bioelectrical differences can influence signal transduction, ionic homeostasis, 
proliferative states, and migratory properties of cells. Bioelectrical changes are required 
for many processes in development. The sea urchin provides a convenient model in 
which to study conserved developmental processes, yet the roles of bioelectricity have 
not been investigated in a comprehensive manner in sea urchin development. A screen for 
the functional requirements for bioelectricity during sea urchin development uncovered 
requirements for ion channel activity in biomineralization of the sea urchin larval 
skeleton and in axial patterning of the dorsal-ventral (DV) axis (Fig. 1.1). H+/K+ ATPase 
(HKA) activity is required for the accumulation of ions needed for biomineralization in 
the primary mesenchyme cells (PMCs). V-type H+ ATPase (VHA) activity is required for 
the sharpness of pH and voltage gradients across the DV axis and for DV axis 
specification. Here, we discuss the current state of knowledge about biomineralization 
and DV axis specification in the sea urchin, and what roles these ion channels play in 
other developmental model systems. 
1.2 Introduction 
Bioelectricity plays many roles in biological systems, yet our understanding of 
how electrical information is integrated with other types of signals remains unclear. The 
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sea urchin is an excellent model system in which to investigate bioelectricity because sea 
urchins have been broadly studied and extensive fate maps and gene-regulatory networks 
have been published (Logan and McClay, 1997; Rafiq et al., 2012; Su et al., 2009). 
Despite their relative simplicity, sea urchins contain a genetic diversity that rivals 
vertebrate model systems. Their evolutionary position as basal deuterostomes makes 
them useful to study with the ultimate goal of understanding relatively more complex 
vertebrate developmental processes and the evolution of the vertebrate body plan. 
1.2.1. Sea urchins as a model system 
The sea urchin is a relatively simple developmental model organism in which to 
establish the nature of the interface between bioelectrical signals and cell behavior. 
Because the sea urchin genome has not undergone duplication (Sodergren et al., 2006), it 
has considerably less genetic redundancy compared to vertebrates, while retaining a 
signaling and transcriptional diversity that is comparable to humans (Bradham et al., 
2006; Byrum et al., 2006; Goldstone et al., 2006; Howard-Ashby et al., 2006; Lapraz et 
al., 2006). A time course of sea urchin embryonic development is provided in Figure 1.2. 
The sea urchin is a deuterostome which develops as a bilaterally symmetric larva. The 
species used in these studies, Lytechinus variegatus (Lv), develops at room temperature 
in artificial sea water over the course of 48 hours in the laboratory. Embryos are 
transparent and develop synchronously, making them ideal for imaging studies and 
systems-level approaches. They contain only 15 different cell types. In the embryo, the 
anterior-posterior (AP) axis is patterned by maternally distributed factors during the first 
four cleavages (Fig. 1.2A) (Logan et al., 1999). The DV axis is patterned next, during 
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blastula stages (Fig. 1.2B-D) (Bradham and McClay, 2006; Duboc et al., 2004; Flowers 
et al., 2004; Hardin et al., 1992; Yaguchi et al., 2010). PMC ingression and migration 
occur before gastrulation, and finally the larval skeleton is secreted (Fig. 1.2H-J) (Lyons 
et al., 2014; Piacentino et al., 2015; Piacentino et al., 2016b). Patterning of the left-right 
(LR) axis occurs while skeletogenesis is ongoing (Fig. 1.2H-I) (Duboc and Lepage, 2008; 
Duboc et al., 2005; Hibino et al., 2006; Luo and Su, 2012). 
1.2.2. Bioelectricity 
Bioelectricity refers to long-term, low-amplitude changes in the electrical and 
ionic state of cells, which may include membrane potential, pH, intracellular ion 
concentrations, or some combination (Fig. 1.3). As early as 40 years ago, it was 
discovered that membrane potential alone is sufficient to control the proliferative 
capacity of cells, since experimental manipulation of membrane potential can induce 
mitosis in post-mitotic cells such as mature neurons (Blackiston et al., 2009; Cone and 
Cone, 1976). Bioelectrical changes are also required in wound healing as migratory 
fibroblasts orient towards the wound based on their ability to sense and respond to a 
disruption in the basal to apical electrical gradient present across most epithelial sheets 
(Nuccitelli, 2003; Nuccitelli et al., 2011; Wood, 2012). At fertilization, changes in 
membrane potential and calcium concentrations are required to block polyspermy 
(Whitaker, 2006). Ion channel activity and electrical gradients play an important role in 
regeneration, a process which recapitulates much of embryonic development including 
cell specification, migration, and long-range patterning. For example, HKA activity is 
required for depolarization that normally follows anterior amputation, and for head 
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regeneration, in planarians, particularly for correct placement of the eyes (Beane et al., 
2011; Nogi et al., 2005). VHA activity is necessary for tail regeneration in tadpoles, and 
ectopic VHA activity and the resulting depolarization of the blastema is sufficient to 
induce regeneration in tadpole tails that are refractory to regeneration (Adams et al., 
2007; Tseng and Levin, 2012). This last finding intriguingly suggests that animals which 
do not undergo regeneration may not lack the mechanisms to do so, but rather lack the 
controls to induce regeneration, which may include bioelectrical signals.  
 The roles discovered for bioelectricity in developing organisms range from early 
to late stages of development in a variety of organisms. Drosophila and other insects 
generate oocytes as part of an egg chamber consisting of a single oocyte and 15 nurse 
cells surrounded by follicle cells. The nurse cells produce cytoplasmic contents such as 
proteins and RNA which are electrophoresed into the oocyte by a voltage gradient that 
moves the charged cargo in a directed manner (Cole and Woodruff, 1997; Cole and 
Woodruff, 2000; Woodruff and Telfer, 1980). This type of directional movement of 
cytoplasmic contents directed by voltage gradients is present also in Xenopus embryos, 
where ion channel activity is required for voltage gradients that asymmetrically distribute 
serotonin throughout the early embryo. This distribution of serotonin is required for 
consistent patterning of the LR axis (Adams et al., 2006; Aw et al., 2008; Fukumoto et 
al., 2005). A requirement for ion channel activity in patterning the LR axis is also 
conserved in sea urchin, zebrafish, and chicken embryos, despite the fact that these events 
occur much later in development of the organism than Xenopus LR specification (Adams 
et al., 2006; Aw et al., 2008; Fukumoto et al., 2005; Hibino et al., 2006; Kawakami et al., 
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2005; Raya et al., 2004). There are also hints that calcium concentrations are important 
for patterning of the AP and DV axis in sea urchins, since treatment with a calcium 
ionophore disrupts these processes (Akasaka et al., 1997; Yazaki et al., 2014). Similar to 
its role in regeneration, bioelectricity is often upstream of transcriptional events in large-
scale axial patterning, suggesting that it serves to coherently control these patterning 
events over an embryo-wide scale. Finally, specific bioelectrical states are required for 
the development and functionality of certain organs, especially the zebrafish eye and 
mouse inner ear (Nuckels et al., 2009; Shibata et al., 2006).   
1.3 Biomineralization 
The embryonic skeleton is secreted by the PMCs. While we understand how the 
PMCs are specified in great detail, much remains to be discovered about the physical 
processes governing skeletogenesis. 
1.3.1. Specification of the skeletogenic primary mesenchyme cells (PMCs) 
The PMCs initially arise as a result of unequal cell divisions at the fourth and fifth 
cleavages of the embryo (Lyons et al., 2014). Later, the daughters of those initial cells 
undergo an epithelial-to-mesenchymal transition, then ingress into the blastocoel 
(Saunders and McClay, 2014; Wu et al., 2007). Once inside the blastocoel, PMCs migrate 
and read positional cues provided by the ectoderm which direct them to take up their 
stereotypical positions in a posterior ring with ventrolateral clusters that extend cords of 
PMCs which reach anteriorly (Armstrong et al., 1993; Duloquin et al., 2007; Guss and 
Ettensohn, 1997; Miller et al., 1995; Piacentino et al., 2015; Piacentino et al., 2016b). In 
many sea urchin species, including Lv, the PMCs divide once more after ingression to 
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make up a full complement of 64 cells. This number of cells is not strictly required for 
skeletogenesis, as embryos with experimentally altered numbers of PMCs are able to 
produce appropriately sized and patterned skeletons (Ettensohn, 1990). Prior to the 
initiation of skeletogenesis, the PMCs fuse to each other and form a syncytium (Hodor 
and Ettensohn, 1998); the skeleton is secreted into an extracellular space entirely 
surrounded by syncytial membrane (Wilt et al., 2008). The gene regulatory network 
governing PMC specification is nearly complete (Rafiq et al., 2012); efforts to understand 
the genes controlling PMC differentiation are ongoing (Sun and Ettensohn, 2014; Wilt et 
al., 2013). 
1.3.2. Biomineralization in sea urchins and humans 
The process of biomineralization in the sea urchin embryo is not completely 
understood. While patterning information comes from the ectoderm, the ability to 
produce skeletal elements is autonomous to the PMCs, which can secrete mineral even 
when isolated in culture, given the appropriate growth conditions (Decker et al., 1987; 
Okazaki, 1975). The sea urchin skeleton is composed of the calcium carbonate mineral 
calcite combined with numerous occluded and associated proteins. The calcium in the 
skeleton is taken up from sea water (Nakano et al., 1963; Wilt et al., 2008) and carbonate 
is absorbed from sea water or generated by cellular metabolism (Stumpp et al., 2012). 
Carbonate ions can be transported into cells either by anion exchangers which rely on an 
existing gradient of chloride ions, or by co-transporters which use existing sodium 
gradients. Both of these processes passively drive transport of carbonate ions into the cell 
(Romero et al., 2013; Soleimani, 2013). At least forty distinct skeletal matrix proteins are 
  7 
associated with and embedded in the skeletal mineral (Livingston et al., 2006; Wilt et al., 
2008); however, little is known about their specific functions at this time. It is thought 
that calcium and carbonate ions are concentrated inside the Golgi apparatus through 
active mechanisms (Pinsino et al., 2011). Precipitation of these ions into calcium 
carbonate takes place intracellularly (Wilt et al., 2008), and vesicles packed with 
nanospheres of calcium carbonate are found throughout the PMCs during skeletogenesis 
(Vidavsky et al., 2014). Precipitation of calcium carbonate generates protons and 
acidifies the intracellular environment (McConnaughey and Whelan, 1997; Stumpp et al., 
2012), yet PMCs maintain an intracellular pH near neutral (Stumpp et al., 2012). The 
mechanism used to buffer the cytosol has not been elucidated.  
Human biomineralization utilizes some of the same basic mechanisms as sea 
urchin embryos. Osteoblasts secrete a scaffold of collagen and other matrix proteins 
(Blair et al., 2011; van de Peppel and van Leeuwen, 2014). Hydroxyapatite, a calcium 
phosphate mineral, is precipitated in vesicles en route to its deposition on the protein 
scaffold (Anderson, 2003). Similarly to sea urchins, precipitation of the mineral releases 
protons and requires a slightly alkaline pH (Blair et al., 2011). It is unknown how the site 
of biomineralization is buffered.  
1.3.3. H+/K+ ATPase (HKA) 
HKA is a family of pumps. Gastric HKA is best known for its role in stomach 
acidification. Parietal cells of the mammalian stomach use gastric HKA to secrete protons 
into the lumen in exchange for potassium ions, resulting in electroneutral acidification of 
the stomach lumen (Sachs et al., 1976). HKA pumps are synthesized as two subunits that 
  8 
assemble in the endoplasmic reticulum before the channel is trafficked to the cell surface; 
the catalytic α subunit contains ten transmembrane domains, while the β subunit crosses 
the membrane only once (Fig. 1.4) (Dunbar and Caplan, 2001; Munson et al., 2000; Shin 
et al., 2009). Closely related non-gastric HKA pumps vary in localization and ion 
specificity (Swarts et al., 2007). Their physiological function is not well understood. 
Unlike most animals, sea urchin embryos do not express the HKA in stomach tissues, 
since their stomachs operate at basic pH (Stumpp et al., 2015).  
 Activity of the HKA is required for consistent patterning of the LR axis in frog 
embryos and in signaling events that mediate head regeneration and eye development in 
planarians (Beane et al., 2011; Fukumoto et al., 2005; Levin et al., 2002; Nogi et al., 
2005). In the sea urchin embryo, pharmacological inhibition of the HKA results in 
defects in patterning of the LR axis (Duboc et al., 2005; Hibino et al., 2006) and 
elongation of the skeleton (Fujino et al., 1987; Mitsunaga et al., 1987b). This ion channel 
has been detected in cleavage-stage embryos by antibody staining; its localization is 
restricted to a small subset of blastomeres (Hibino et al., 2006). HKA activity has been 
measured in mesenchymal cells during the developmental stages at which the skeleton is 
being secreted, which suggested that it is expressed by the PMCs and may be required for 
biomineralization (Mitsunaga et al., 1987a, b). Each of these studies was carried out 
using embryos from different sea urchin species and a variety of pharmacological 
inhibitors of the HKA. As such, it is not known if and how the various phenotypes 
achieved with HKA inhibition overlap. We have used SCH28080, a competitive inhibitor 
of the HKA (Abe et al., 2011; Beil et al., 1986; Vagin et al., 2002). In a few experiments, 
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the inhibitor omeprazole was used to corroborate our findings, since it inhibits the 
transporter by distinct mechanisms (Morii et al., 1990). SCH28080 is extremely specific 
and does not inhibit the closely related Na+/K+ ATPase (Lyu and Farley, 1997). 
SCH28080 has been widely used to inhibit invertebrate HKAs (Beane et al., 2011; 
Hibino et al., 2006; Nogi et al., 2005), supporting its applicability in sea urchin embryos.  
1.4 Dorsal-ventral (DV) patterning 
 Specification of the DV axis in Lv occurs during blastula stages, when the embryo 
is a hollow ball of cells. When DV specification is perturbed, the larval skeleton is 
mispatterned and the viability of the embryo is negatively affected  (Armstrong et al., 
1993; Duloquin et al., 2007; Hardin et al., 1992; Piacentino et al., 2016b).  
1.4.1. DV axis specification 
 One of the earliest transcriptional signs of DV asymmetry is the expression of the 
TGFβ family member Nodal in the ventral ectoderm (Bradham and McClay, 2006; 
Duboc et al., 2004; Flowers et al., 2004). Nodal transcripts encode a ligand that signals 
through the TGFβ type I receptor, Alk4/5/7, to locally specify the ventral territory 
(Lapraz et al., 2006). Nodal signaling feeds back positively on expression of the Nodal 
ligand (Duboc et al., 2004; Li et al., 2012; Nam et al., 2007; Range et al., 2007). It has 
been suggested that the Nodal-expressing ectoderm acts as the functional equivalent of 
Spemann’s organizer in the sea urchin (Lapraz et al., 2015). Spatial restriction of the 
Nodal expression domain, and thus the ventral territory, is probably achieved through a 
Turing reaction-diffusion system between Nodal and its transcriptional target and 
inhibitor Lefty, as in zebrafish embryos (Duboc et al., 2008; Muller et al., 2012). Nodal 
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expression is required for the expression of most or all of the other genes in the ventral 
ectoderm gene regulatory network, including BMP2/4, the TGFβ family member which 
initiates dorsal specification (Duboc et al., 2004; Lapraz et al., 2009; Saudemont et al., 
2010; Su et al., 2009). Dorsal specification is driven by a gradient of bone morphogenetic 
protein (BMP) signaling in embryos ranging from flies to vertebrates. A gradient of BMP 
signaling is produced post-translationally by the extracellular relocation of BMP protein 
as a complex with Chordin (Chd) and Twisted Gastrulation (Tsg) (Larrain et al., 2000; 
Shimmi et al., 2005). In sea urchins, BMP2/4 signals in a broad peak centered about the 
dorsal midline to specify dorsal (Lapraz et al., 2009). The movement of BMP has been 
modeled as a diffusive process in Drosophila, Xenopus, and sea urchins (Ben-Zvi et al., 
2008; Eldar et al., 2002; Inomata et al., 2013; Mizutani et al., 2005; van Heijster et al., 
2014).  
1.4.2. Symmetry breaking  
 The early control of Nodal expression and how it is initiated in an asymmetric 
manner is not completely understood. A gradient of mitochondria exists across the DV 
axis in the oocyte and zygote, and persists throughout specification of the DV axis 
(Coffman et al., 2009; Coffman et al., 2004; Modell and Bradham, 2011). This gradient 
of mitochondria presumably imposes a redox gradient in the embryo. The redox gradient 
can also be manipulated by exposing the embryo to localized or general hypoxia, which 
perturbs DV specification (Coffman and Davidson, 2001; Coluccio et al., 2011). Thus, 
the mitochondrial gradient appears to have a functional significance in specifying the DV 
axis. However, the mitochondrial gradient can be overridden and the DV axis imposed in 
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an orientation that does not correspond to the direction of the mitochondrial gradient by 
the asymmetric injection of Nodal mRNA or mRNA encoding an activated form of the 
Nodal receptor in the early embryo, for example by injection into a single blastomere at 
the four-cell stage. These manipulations impact not only the location of the ventral pole, 
but also reposition the dorsal pole to the opposite extreme, consistent with the role of 
asymmetric Nodal expression as an organizer of the DV axis (Lapraz et al., 2015).  
 Nodal expression requires the activity of p38 MAPK (Bradham and McClay, 
2006). Embryos in which p38 activity is inhibited fail to specify ventral, and their 
ectoderm develops a ciliated epithelium over the entire surface of the embryo (Bradham 
and McClay, 2006). This ciliated ectoderm is the default state of the tissue in the absence 
of Nodal signaling, and in normal embryos, it is restricted to a narrow band of cells 
between the ventral and dorsal territories called the ciliary band; this tissue is associated 
with peripheral neural structures (Bradham and McClay, 2006; Bradham et al., 2009; 
Duboc et al., 2004; Lapraz et al., 2009; Yaguchi et al., 2010). p38 is globally active in the 
early embryo. Just prior to the initiation of Nodal expression, p38 is asymmetrically 
inactivated such that its activity persists only on the ventral side of the embryo (Bradham 
and McClay, 2006). This asymmetric p38 activity is required for the correct spatial 
localization of the Nodal expression domain. Recently, a homeodomain transcription 
factor, Hbox12, was described that acts as a repressor and is expressed on the dorsal side 
of the embryo. The data indicate that Hbox12 is sufficient to inhibit p38 activity on the 
dorsal side, and thereby may be required for the transient asymmetry in p38 necessary for 
normal Nodal expression (Cavalieri and Spinelli, 2014). It is unknown how Hbox12 
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expression is regulated. Similarly, Panda, a member of the TGFβ superfamily, is also 
expressed on the dorsal side of the embryo and inhibits Nodal expression in that domain 
(Haillot et al., 2015). As with Hbox12, it is not known how Panda expression is 
controlled. Additionally, it is unknown whether Panda expression impacts p38 activity. 
 Detailed analysis of the cis-regulatory apparatus controlling Nodal expression 
revealed binding sites for bZIP transcription factors which are required for the initiation 
of Nodal expression (Nam et al., 2007; Range et al., 2007). bZIP transcription factors 
dimerize preferentially under specific redox conditions in plants and in yeast to become 
active and capable of inducing transcription of target genes (Abate et al., 1990; 
Amoutzias et al., 2006). It was suggested that bZIP transcription factors transduce the 
mitochondrial gradient into asymmetric Nodal expression directly by sensing the redox 
gradient (Nam et al., 2007). However, this hypothesis does not explain the timing of 
Nodal onset, since the mitochondrial gradient is present from the beginning of 
development, nor does it account for the requirement for p38 which has been described. 
Analysis of the transcription factors which activate Nodal expression also revealed a 
requirement for TGFβ signaling to initiate the expression of Nodal (Nam et al., 2007; 
Range et al., 2007). The TGFβ family member Univin may be responsible for activating 
Nodal expression (Range et al., 2007). Despite the great deal of information available 
about Nodal expression and signaling, much remains to be understood about how these 
signals, kinases, and transcription factors integrate to promote robust and spatially 
restricted expression of Nodal. 
1.4.3. V-type H+ ATPase (VHA) 
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 The VHA was first isolated from plants and yeast and classified as a vacuolar 
proton pump (Kakinuma et al., 1981; Lin et al., 1977; Pedersen and Carafoli, 1987). The 
VHA is a strongly electrogenic channel (Harvey, 1992; Wieczorek et al., 1999). It is 
found on vacuolar membranes and acidifies the lumen of membrane-bound organelles 
such as endosomes (Inoue et al., 2003; Nishi and Forgac, 2002). However, this channel is 
also found on the plasma membrane of many cells (Breton and Brown, 2007; Klein et al., 
1997; Narbaitz et al., 1995; Nishi and Forgac, 2002). Through its action on the cell 
membrane, the VHA can change the cytoplasmic pH and plasma membrane potential 
(Brown and Breton, 2000; Kawasaki-Nishi et al., 2003; Scarborough, 2000). In many cell 
types, activity of the VHA contributes significantly to the resting membrane potential 
(Gluck, 1992).  
 The VHA consists of two multisubunit domains, similar to the F1FO ATP 
synthase. The membrane-spanning VO domain has five different subunits, while the 
peripheral V1 domain is composed of eight subunits (Fig. 1.5) (Beyenbach and 
Wieczorek, 2006; Inoue et al., 2003; Marshansky et al., 2014; Wieczorek et al., 2000). 
The V1 domain hydrolyzes ATP, causing the VO domain to rotate, and driving proton 
translocation out of the cytoplasm (Nishi and Forgac, 2002). The function of the VHA is 
controlled by reversible dissociation of the V1 and VO domains and does not require 
protein synthesis (Beyenbach and Wieczorek, 2006; Holliday et al., 2000; Kane, 1995).  
 The VHA is a conserved and required component for consistent development of 
the LR axis in Xenopus, zebrafish, and chicken embryos, and is required for zebrafish eye 
morphogenesis (Adams et al., 2007; Nuckels et al., 2009). VHA activity is an early signal 
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which is both necessary and sufficient to induce regeneration of tadpole tails; tails which 
are refractory to regeneration can be induced to do so by ectopic expression of the VHA, 
or by experimentally imposed changes in membrane potential that mimic the activity of 
the VHA (Adams et al., 2007). The VHA is expressed on the luminal membrane of the 
stomach epithelium of sea urchin embryos, and its activity is required to maintain an 
alkaline pH in the digestive tract (Stumpp et al., 2015). The VHA is also expressed in 
adult sea urchins in response to challenge by lipopolysaccharide (Nair et al., 2005). This 
likely reflects its role in acidifying endocytic vesicles such as those in scavenging 
immune cells. No other roles for the VHA in sea urchin development have been reported. 
We used Concanamycin A (ConA) and Bafilomycin A1 (BafA1) to inhibit the VHA. 
These are two specific inhibitors of VHA activity which bind to the c subunit in the 
proton-translocating VO domain (Huss et al., 2002; Huss and Wieczorek, 2009). They 
inhibit VHA function by preventing the rotation necessary to drive proton movement 
(Bowman et al., 2004) 
1.5 Thesis Rationale 
 In sea urchins, bioelectricity has previously been implicated in patterning of the 
LR axis, a feature which is conserved with non-mammalian vertebrates (Adams et al., 
2006; Aw et al., 2008; Fukumoto et al., 2005; Hibino et al., 2006; Kawakami et al., 2005; 
Raya et al., 2004). However, a comprehensive study of the roles of bioelectricity and/or 
ion channels and pumps in normal development of the sea urchin embryo has not been 
reported. Differential ion channel activity is the primary means by which bioelectrical 
changes are initiated and maintained; thus we reasoned that understanding which ion 
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channels are required in sea urchin development would reveal the bioelectricity-
dependent processes in the developing embryo.  We performed a screen of ion channel 
inhibitors on sea urchin embryos to assess which developmental processes require 
bioelectricity (Fig. 1.1). Our screen uncovered a variety of interesting and distinct 
phenotypes evoked by inhibiting specific ion channel classes with pharmacological 
inhibitors. We chose the most interesting of these phenotypes to further pursue: a 
blockade to skeleton production by SCH28080, and a blockade to DV specification by 
Bafilomycin A1 (BafA1) and Concanamycin A (ConA). SCH28080 is a specific inhibitor 
of the proton-potassium pump (HKA).  We found that HKA activity is required for 
biomineralization of the larval skeleton by the skeletogenic PMCs. We show that HKA 
inhibition prevents precipitation of the calcium carbonate mineral that comprises the 
skeleton. BafA1 and ConA are each inhibitors of the V-ATPase, commonly referred to as 
VHA. We show that VHA activity is required for normal specification of the DV axis. 
We describe voltage and pH gradients across the DV axis whose sharpness requires VHA 
activity, suggesting that these gradients are relevant in specifying the DV axis. The 
requirement for bioelectricity in DV axis specification demonstrates that axial patterning 
is regulated in a complex manner that integrates biophysical and biochemical inputs.  
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Figure 1.1 Ion channel activity is required for normal development of sea urchin 
embryos. 
Top panels: DIC images of larval morphology for control embryos (A) and embryos 
grown in the presence of the indicated inhibitors (B-F). Bottom panels: Plane-polarized 
light images show skeletal morphology. At bottom, a schematic represents the ion 
channel classes blocked by each inhibitor. B: 9-ACA (9-anthracenecarboxylic acid) 
inhibits chloride transporters. C: ConA (concanamycin A) inhibits V-type H+ ATPase. D: 
Ouabain inhibits Na+/K+ ATPase. E: Tricaine inhibits voltage-gated Na+ channels. F: 
SCH28080 inhibits H+/K+ ATPase. 
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Figure 1.2 Developmental time course for the sea urchin Lytechinus variegatus.  
10 developmental stages are shown as schematics (top panels) and differential 
interference contrast (DIC) images of live embryos (bottom panels). Time proceeds from 
left to right, representing about 48 hours of development. Skeletogenic primary 
mesenchyme cells (PMCs) are in red, skeletal elements are in yellow. At the bottom, bars 
show the relative timing of important patterning events.  
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Figure 1.3 Bioelectricity refers to long-term, low-amplitude changes in membrane 
potential. 
Graph illustrates a comparison between short-duration electrical events such as action 
potentials (blue), and bioelectricity which are long-term and low-amplitude changes in 
membrane potential or ion concentrations (red). 
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Figure 1.4 H+/K+ ATPase (HKA) is inhibited by SCH28080 and Omeprazole. 
Ribbon diagram (A) and space-filling model (B) of the HKA, which is inhibited by 
SCH28080 and Omeprazole (C). Adapted from (Abe et al., 2011; Abe et al., 2009). 
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Figure 1.5 V-type H+ ATPase (VHA) is inhibited by Bafilomycin A1 and 
Concanamycin A. 
Schematic showing the 13 subunits (A) and ribbon diagram (B) of the VHA, which is 
inhibited by Bafilomycin A1 and Concanamycin A (C). Adapted from (Forgac, 2007; 
Zhao et al., 2015). 
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Chapter Two 
H+/K+ ATPase activity is required for biomineralization in sea urchin embryos 
This study includes contributions from Matthew Lawton and Sarah Hadyniak, 
undergraduate students who I trained and guided in collecting data for this project. Matt 
and Sarah generated data that contributed to Figures 2.9-2.11. Tamara Carney and Eric 
Ross were students previously in the lab and they performed some initial experiments 
that were instrumental in guiding the project but were not included in the final 
manuscript. External collaborators Wendy Beane and Michael Levin provided technical 
expertise and guidance. This work has been published as: Schatzberg D, Lawton M, 
Hadyniak SE, Ross EJ, Carney T, Beane WS, Levin M, Bradham CA. 2015. H+/K+ 
ATPase activity is required for biomineralization in sea urchin embryos. Developmental 
Biology 406: 259-270. 
2.1 Abstract 
The bioelectrical signatures associated with regeneration, wound healing, 
development, and cancer are changes in the polarization state of the cell that persist over 
long durations, and are mediated by ion channel activity. To identify physiologically 
relevant bioelectrical changes that occur during normal development of the sea urchin 
Lytechinus variegatus, we tested a range of ion channel inhibitors, and thereby identified 
SCH28080, a chemical inhibitor of the H+/K+ ATPase (HKA), as an inhibitor of 
skeletogenesis. In sea urchin embryos, the primary mesodermal lineage, the PMCs, 
produce biomineral in response to signals from the ectoderm. However, in SCH28080-
treated embryos, aside from randomization of the left-right axis, the ectoderm is normally 
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specified and differentiated, indicating that the block to skeletogenesis observed in 
SCH28080-treated embryos is PMC-specific. HKA inhibition did not interfere with PMC 
specification, and was sufficient to block continuing biomineralization when embryos 
were treated with SCH28080 after the initiation of skeletogenesis, indicating that HKA 
activity is continuously required during biomineralization. Ion concentrations and voltage 
potential were abnormal in the PMCs in SCH28080-treated embryos, suggesting that 
these bioelectrical abnormalities prevent biomineralization. Our results indicate that this 
effect is due to the inhibition of amorphous calcium carbonate precipitation within PMC 
vesicles.  
2.2 Introduction 
Bioelectricity refers to long-term changes in the voltage potential of cells, and the 
effect of these changes on biological systems (Levin, 2012, 2014). Bioelectricity plays a 
role in many processes, including wound healing (Nuccitelli, 2003; Nuccitelli et al., 
2011; Wood, 2012), regeneration (Adams et al., 2007; Beane et al., 2011; Nogi et al., 
2005), and the development of organisms as diverse as insects (Cole and Woodruff, 
1997; Cole and Woodruff, 2000; Woodruff and Telfer, 1980), sea urchins (Akasaka et al., 
1997; Fujino et al., 1987; Hibino et al., 2006; Mitsunaga et al., 1987b), zebrafish 
(Kawakami et al., 2005; Nuckels et al., 2009), frogs, and chicks (Adams et al., 2006; 
Fukumoto et al., 2005; Levin et al., 2002). Ion channels are an excellent target for 
chemical inhibition, which is a relatively simple way to uncover their roles in biological 
processes. To elucidate further roles for bioelectrical changes in embryonic development, 
we screened various ion channel and pump inhibitors for effects on the development of 
  23 
sea urchin embryos, and found that inhibition of the H+/K+ ATPase (HKA) blocks 
skeletogenesis in embryos of the sea urchin Lytechinus variegatus.  
 The embryonic skeleton is secreted by the primary mesenchyme cells (PMCs). 
PMCs ingress into the blastocoel, then migrate into a stereotypical pattern within the 
blastocoel. The PMCs are arranged in a posterior ring around the blastopore with 
ventrolateral clusters that extend cords toward the anterior. PMCs are directed to these 
positions by ectodermal cues (Armstrong et al., 1993; Duloquin et al., 2007; Guss and 
Ettensohn, 1997); they subsequently secrete the skeleton in a pattern that conforms to this 
arrangement. Prior to the initiation of skeletogenesis, the PMCs fuse, forming a 
continuous syncytial cable (Hodor and Ettensohn, 1998), and the skeletal biomineral is 
deposited into an extracellular space surrounded by this syncytial membrane  (Wilt et al., 
2008).  
 The sea urchin skeleton is composed of the calcium carbonate mineral calcite and 
numerous associated proteins. The calcium in the skeleton is taken up from sea water 
(Nakano et al., 1963; Wilt et al., 2008) and carbonate is absorbed from sea water or 
generated by cellular metabolism (Stumpp et al., 2012). At least 40 distinct skeletal 
matrix proteins are embedded in the skeletal mineral in sea urchin larvae (Livingston et 
al., 2006; Wilt et al., 2008); however, little is known about their specific functions. The 
process of and mechanisms underlying biomineralization remain incompletely 
understood, and the sea urchin offers a relatively simple model in which to study this 
complex biological process.   
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 The HKA is best known for its role in gastric acid secretion in mammals (Sachs et 
al., 1976). Activity of this pump has also been implicated in patterning of the left-right 
axis in frog, zebrafish, and chicken embryos (Gros et al., 2009; Kawakami et al., 2005; 
Levin et al., 2002; Mendes et al., 2014), and in signaling events that mediate head 
regeneration and regenerative tissue remodeling in planarians (Beane et al., 2011; Beane 
et al., 2013; Nogi et al., 2005). Discriminating the closely related HKA and NKA genes 
on the basis of sequence alone is extremely challenging, and HKA genes have not been 
identified in any sea urchin species to date.  Chemical inhibitors offer a means to evaluate 
the functional role of this ion pump during sea urchin development. In this study, we 
show that HKA activity is required for precipitation of amorphous calcium carbonate 
within PMC vesicles, establishing the mechanistic basis for the block to 
biomineralization observed in HKA-inhibited embryos.  
2.3 Materials and Methods 
2.3.1 Embryo culture, microinjection, drug treatments, and photography.  
Adult Lytechinus variegatus were obtained from either Reeftopia (Florida) or the 
Duke University Marine Labs (North Carolina). Gametes were harvested and zygotic 
microinjections were performed by standard methods. mRNA was prepared using the 
mMessage mMachine Kit (Ambion). SCH28080, Omeprazole, Ouabain, and A23187 
(Sigma) were resuspended in anhydrous DMSO and added to cultures before the second 
cleavage unless otherwise indicated. Dose-response experiments determined that a 
minimum effective dose of 125 µM SCH28080 was necessary to prevent skeletogenesis. 
This dose varied slightly with different populations of embryos and different preparations 
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of drug. Calcium-free sea water was prepared (450 mM sodium chloride, 9 mM 
potassium chloride, 48 mM magnesium sulfate, 6 mM sodium bicarbonate) and mixed 
proportionally with normal artificial sea water (480 mM sodium chloride, 10 mM 
potassium chloride, 26 mM magnesium chloride hexahydrate, 28 mM magnesium sulfate, 
14 mM calcium chloride, 2 mM sodium bicarbonate) for low-calcium sea water 
treatments. Embryos were imaged on a Zeiss Axioplan microscope at 200X with DIC 
optics or with plane-polarized light to visualize birefringent skeletons. In some cases, the 
latter images are shown as montages of different focal planes to depict the entire skeleton 
in focus. 
2.3.2 In situ hybridization.  
In situ hybridization was carried out by standard methods. Probes for LvChordin, 
LvTbx2/3, LvIrxA, LvVEGF, LvVEGFR, and LvSoxE were previously described 
(Bradham et al., 2009; Gross, 2003; McIntyre et al., 2013; Piacentino et al., 2015; Walton 
et al., 2009). Probes for LvLefty, LvPitx2, LvAlx1, LvErg, LvEts, LvFoxB, LvSnail, 
LvTbr, and LvTwist were kind gifts from Dave McClay. Sequences for these genes 
except LvLefty and LvPitx2 were previously described (Saunders and McClay, 2014). A 
full-length probe for LvFoxO was generated from Lv late gastrula stage cDNA. Probes 
were labeled with either digoxigenin (Roche) or DNP-11-UTP (Perkin Elmer). 
Visualization was carried out either with BM Purple (Roche) or with Tyramide Signal 
Amplification Plus kit (Perkin Elmer) using either fluorescein or Cy3. Embryos were 
imaged on a Zeiss Axioplan microscope.  
2.3.3 qPCR.  
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Total RNA was collected from cultures of DMSO- and SCH28080-treated 
embryos at either hatched blastula or late gastrula stage. RNA was isolated with Trizol 
(Life Technologies) and precipitated with glycogen carrier (Ambion). Samples were 
DNAse-treated (DNA-free, Ambion) before reverse transcription using the TaqMan 
Reverse Transcription kit (Life Technologies). qPCR was performed with SYBR Green 
PCR Master Mix (Applied Biosystems) in an ABI 7900ht qPCR thermocycler. Each bar 
presented represents three biological replicates (each in triplicate, nine total 
measurements). CT values were normalized to LvSetmar expression, and are presented as 
average ± SEM relative to control. Primer sequences are presented in Table 2.1.  
2.3.4 Immunofluorescence.  
Immunofluorescent labeling was performed as previously described (Bradham et 
al., 2009). Primary antibodies were 295 (ciliary band), 1e11 (synaptotagmin B), anti-
serotonin (Sigma), 6a9 (PMCs), and anti-GFP (Torrey Pines Biolabs). Secondary 
antibodies from Jackson Labs were either Cy2 or Cy3 conjugated. Embryos were imaged 
on an Olympus Fv10i laser scanning confocal microscope. Z-stacks were projected using 
Olympus software and full projections are presented except in the case of Figure 2.8, 
where partial projections are shown to increase clarity.  
2.3.5 Ion dyes and quantitations.  
A panel of fluorescent ion-indicator dyes was used to assess ion distributions. Bis-
(1,3-dibutylbarbituric acid)trimethine oxonol (DiBAC4(3)) (DiBAC, relative 
polarization), 5-(and-6)-carboxy SNARF®-1 acetoxymethyl ester acetate (SNARF, pH), 
CoroNa Green AM (CoroNa, sodium), 6-methoxy-N-ethylquinolinium iodide (MEQ, 
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chloride), and Calcein AM (calcein, calcium) were purchased from Invitrogen. Dyes were 
used according to the manufacturer’s instructions and embryos were imaged live on 
either an Olympus Fv10i laser scanning confocal, Olympus DSU spinning disk confocal, 
or Olympus Fv1000 scanning confocal. Raw 16-bit images of single z-slices were 
quantitated using a custom Matlab script. Each image was normalized to background 
fluorescence levels by sampling empty space at the corners of the image and dividing all 
other signal intensities by this “zero” value. All comparisons were made between groups 
of embryos imaged on the same microscope with identical image acquisition settings. 
DiBAC measurements were taken independently at each time point for matched groups 
of vehicle- and SCH28080-treated embryos and the results were normalized to a time-
course of control embryos acquired with consistent imaging parameters. SNARF images 
were collected at two emission wavelengths, 580 nm and 640 nm. Raw images were 
thresholded such that any pixel containing less than 0.5% of the maximum intensity was 
set to 0. The ratio of the two images was made using a custom ImageJ plugin created by 
modifying Ratio Plus. The custom plugin defines any pixel equal to 0 for which either the 
numerator or denominator is 0. This generated a ratio image, which was quantitated in 
Matlab. Because the thresholding step created images for which the background signal 
equaled 0, the normalization-to-background step was omitted. Error bars shown are 
standard errors.  
2.4 Results 
2.4.1 SCH28080 is a potent inhibitor of skeletogenesis in the sea urchin larva.  
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We identified SCH28080, a competitive inhibitor of the HKA (Abe et al., 2011; 
Beil et al., 1986; Vagin et al., 2002), as an inhibitor of skeletogenesis in sea urchin larvae 
(Fig. 2.1A-B). SCH28080 is highly specific and does not inhibit the closely related 
Na+/K+ ATPase (NKA) (Lyu and Farley, 1997). Consistent with this, skeletal growth was 
similarly prevented in embryos treated with Omeprazole, another HKA inhibitor with a 
distinct mechanism of action (Morii et al., 1990), while Ouabain, an inhibitor of the 
closely related NKA, had no effect on skeletogenesis (Fig. 2.2). When SCH28080 was 
added to Lytechinus variegatus (Lv) cultures prior to PMC ingression (Fig. 2.1B-D), the 
resulting larvae initiated small skeletal spicules, as evidenced by bilateral birefringent 
dots at the normal sites of skeletogenesis in the PMC clusters. However, these spicules 
failed to elongate or branch to produce a normal skeleton. The most conspicuous defect 
in these embryos was the lack of skeletal elongation; gastrulation appeared to be normal 
(Fig. 2.1B-D). After PMC ingression, embryos were not as sensitive to SCH28080 
treatment, and were capable of making some amount of primary skeleton (Fig. 2.1E-F). 
SCH28080 treatment after the initiation of skeletogenesis resulted in stunted but 
morphologically normal skeletons (Fig. 2.1G-H). These results show that SCH28080 
treatment blocks skeletogenesis even after it has been initiated, indicating that SCH28080 
inhibits processes that are active during biomineralization. The minimum effective dose 
of SCH28080 for preventing skeletogenesis in Lv embryos was 125 µM, which is 
markedly higher than the 50 µM dose reported to randomize the left/right axis in another 
sea urchin species (Hibino et al., 2006). In our model, a 50 µM dose of SCH28080 was 
not sufficient to prevent skeletogenesis (Fig. 2.2C), although it did increase the incidence 
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of left/right axis defects to 40% of embryos, compared to 12% of control embryos (Fig. 
2.3C-F). The higher dose of 125 µM increased the incidence of left/right axis defects 
further, to 61% of embryos (Fig. 2.3G-J).  
2.4.2 Specification and differentiation of the ectoderm are unaffected in SCH28080-
treated embryos.  
PMCs receive skeletal patterning information and biomineralization cues from the 
ectoderm (Armstrong et al., 1993; Duloquin et al., 2007; Guss and Ettensohn, 1997). 
Thus, a key question is whether the lack of skeletogenesis in SCH28080-treated embryos 
results from defects in the ectoderm. Fluorescent in-situ hybridization (FISH) 
experiments were performed to assess the specification of the ectoderm using well-
characterized genes in the ectoderm gene regulatory network (GRN) (Ben-Tabou de-
Leon et al., 2013; Li et al., 2012; Saudemont et al., 2010; Su et al., 2009) (Fig. 2.4). At 
late gastrula stage, chordin (Bradham et al., 2009), irxA (McIntyre et al., 2013), lefty 
(Duboc et al., 2008), and tbx2/3 (Gross, 2003) expression was unchanged in SCH28080-
treated embryos compared to controls (Fig. 2.4A1-2, B1-2), indicating that dorsal-ventral 
ectodermal specification is normal in SCH28080-treated embryos. VEGF is a growth 
factor secreted from the ectoderm which is required for biomineralization (Duloquin et 
al., 2007). Spatial expression of VEGF and its receptor, here referred to as VEGFR, were 
unaffected in SCH28080-treated embryos compared to DMSO-treated controls (Fig. 2.5). 
These results were corroborated by qPCR analysis (Fig. 2.6A-B). Together, these data 
indicate that ectodermal dorsal-ventral specification and VEGF signaling are not 
perturbed in SCH28080-treated embryos.  
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 To evaluate ectodermal differentiation, we labeled the ciliary band and neurons in 
SCH28080-treated larvae (Fig. 2.4B3-4). The ciliary band is a default ectodermal state, 
and is spatially restricted to a stripe between the dorsal and ventral territories via 
repression by TGFß-mediated dorsal and ventral specification (Yaguchi et al., 2010) (Fig. 
2.4A3). In SCH28080-treated embryos, the ciliary band was a tightly restricted stripe 
(Fig. 2.4B3), indicating that the ectodermal dorsal-ventral specification occurred 
normally in embryos treated with SCH28080. Neural development in the sea urchin larva 
is a relatively late event indicative of ectodermal differentiation (Burke, 1978). 
Synaptotagmin B (syn B) is a pan-neural marker that labels neurons positioned along the 
ciliary band (Fig. 2.4A4, red), while a subset of anterior neurons are serotonergic (Fig. 
2.4A4, green). Both types of neurons were normally positioned in SCH28080-treated 
embryos (Fig. 2.4B4), indicating that neural differentiation and patterning were not 
impacted by SCH28080. Thus, neither the specification nor differentiation of the 
ectoderm was perturbed in SCH28080-treated embryos.  
2.4.3 SCH28080 treatment impairs PMC syncytium formation but not PMC 
specification  
At late gastrula stage, the PMCs in control embryos arrange themselves in a 
posterior ring around the blastopore, with ventrolateral clusters that extend cords toward 
the anterior (Fig. 2.7A). Embryos treated with SCH28080 (Fig. 2.7B) or Omeprazole 
(Fig. 2.7C) also had a PMC ring-and-cords structure, although a few PMCs exhibited 
perturbed positioning in each case. The number of PMCs per embryo was not affected by 
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either SCH28080 or Omeprazole treatment (Fig. 2.7D), demonstrating that HKA 
inhibition does not affect the number or positioning of PMCs at late gastrula stage.  
We next assessed PMC syncytium formation by expressing GFP in half of the 
PMCs, then determining whether the marker spread to the remaining PMC complement 
(Fig. 2.8A). In vehicle-treated embryos, GFP co-labeled nearly every PMC (Fig. 2.8B1-
3). In contrast, only 50% of the PMCs from the uninjected side of the SCH28080-treated 
embryos became GFP positive (Fig. 2.8C1-3), indicating that syncytium formation was 
impaired by SCH28080 treatment; further, this effect was reproducible (Fig. 2.8D). Thus, 
SCH28080 treatment partially inhibits PMC syncytium formation. 
Given the effects on biomineralization and syncytium formation, we next 
evaluated the expression of members of the PMC gene regulatory network (Rafiq et al., 
2012). Surprisingly, no changes in localization or expression levels of these genes was 
detected by in situ hybridization or qPCR analysis in SCH28080-treated embryos (Fig. 
2.6C, 2.9). We included several biomineralization genes, and these were also unaffected 
by SCH28080 (Fig. 2.6D). These results demonstrate that the known PMC specification 
and differentiation networks are intact in SCH28080-treated embryos. 
2.4.4 PMC ion distributions are perturbed by SCH28080 treatment.  
We expected to observe bioelectrical changes in embryos treated with SCH28080, 
because this drug acts as an ion pump inhibitor. To confirm and quantitate those effects, 
we used a range of fluorescent probes to detect cellular polarity and relative ion 
concentrations (Fig. 2.10A-B). Measurements were taken at a range of time points 
comprising PMC ingression, PMC migration, and gastrulation. First, relative polarization 
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was measured using the voltage-sensitive dye bis-(1,3-dibutylbarbituric acid)trimethine 
oxonol (DiBAC4(3)), or DiBAC (Adams and Levin, 2012; Epps et al., 1994). The overall 
voltage potential in control PMCs exhibited only minor changes through the end of 
gastrulation (Fig. 2.10C1). The PMCs in SCH28080-treated embryos were dramatically 
depolarized compared to those in vehicle-treated embryos (Fig. 2.10A1, B1, C1). This 
effect was pronounced at the early timepoints from thickened vegetal plate through early 
gastrula stages, corresponding to the ingression and migration of the PMCs. However, as 
gastrulation proceeded, the polarization state of the PMCs in SCH28080-treated embryos 
became comparable to that in controls (Fig. 2.10C1). Proton distributions were measured 
using the pH-sensitive dye 5-(and-6)-carboxy SNARF®-1 acetoxymethyl ester acetate 
(SNARF) (Bassnett et al., 1990; Buckler and Vaughan-Jones, 1990; Han and Burgess, 
2010). Control PMCs had a consistent pH over time, while the PMCs in SCH28080-
treated embryos had a relatively acidic pH, or high proton concentration, at mesenchyme 
blastula and early gastrula stages (Fig. 2.10A2, B2, C2). This was as expected, since 
SCH28080 inhibits an H+ exchanger. Although the HKA is an electroneutral ion pump, it 
often works in tandem with K+ efflux channels to modulate membrane voltage (Aw et al., 
2008; Beane et al., 2011; Fujita et al., 2002; Lambrecht et al., 2005; Shibata et al., 2006). 
The change in proton levels is thus consistent with and can account for the relative 
depolarization observed at these stages in SCH28080-treated embryos (Fig. 2.10C1). At 
midgastrula stage, the pH was comparable between SCH28080-treated embryos and 
controls, again matching the overall polarization changes as measured by DiBAC. 
Finally, sodium and chloride ion concentrations were measured by the dyes CoroNa 
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Green AM (CoroNa) and 6-methoxy-N-ethylquinolinium iodide (MEQ), respectively 
(Biwersi and Verkman, 1991; Martin et al., 2005; Meier et al., 2006; Woll et al., 1996). 
In control embryos, both sodium and chloride ion levels declined following early gastrula 
stage. Both ions were present at comparable levels in the PMCs of SCH28080-treated and 
control embryos at early time points (Fig. 2.10A3-4, B3-4, C3-4). However, at mid-
gastrula stage, neither ion concentration declined in SCH28080-treated embryos (Fig. 
2.10C3-4). Thus, relative depolarization and proton concentration were increased during 
PMC ingression and migration in SCH28080-treated embryos. Sodium and chloride ion 
concentrations increased (relative to controls) only later as gastrulation proceeded, and 
concomitant with the recovery of normal polarization and pH in SCH28080-treated 
embryos, suggesting that the later changes in sodium and chloride ions are compensatory. 
Measurements of relative polarization and ion concentrations were also made for the 
ectoderm (Fig. 2.11), and this tissue exhibited profiles that were similar to those observed 
in the PMCs in both vehicle- and SCH28080-treated embryos, indicating that SCH28080 
affected ion distributions throughout the embryo, and not solely in the PMCs. These data 
suggest that the HKA is broadly expressed, and also indicate that ectodermal dorsal-
ventral specification and differentiation is relatively refractory to these changes in ion 
concentrations. 
2.4.5 SCH28080 treatment is phenotypically consistent with insufficient calcium 
availability.  
SCH28080 treatment impairs skeletogenesis even when added to embryos after 
the initiation of skeletogenesis (Fig. 2.1G-H), implying that SCH28080 treatment directly 
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impacts the biomineralization process. One obvious possibility is that SCH28080 
treatment blocks calcium import into the embryo. Consistent with this possibility, the 
effect of SCH28080 treatment was phenocopied by developing embryos in sea water that 
contained 25% of the normal calcium concentration (Fig. 2.12). Lower sea water calcium 
concentrations were not compatible with embryo survival, possibly due to disruption of 
cadherins junctions (data not shown). Interestingly, washing embryos into low-calcium 
sea water at different developmental stages resulted in effects similar to treating with 
SCH28080 at those same stages (compare Fig. 2.12 with Fig. 2.1). Neither of these 
treatments resulted in an abrupt halt to skeletogenesis; instead, biomineralization 
continued for a few hours, consistent with an interval during which intracellular calcium 
stores may have been depleted (Wilt et al., 2008). We thus hypothesized that SCH28080 
treatment prevents calcium accumulation in the PMCs, thereby blocking skeletogenesis. 
We tested this hypothesis by co-treating embryos with SCH28080 and the calcium 
ionophore A23187, which permits free movement of calcium ions across cell membranes. 
However, rather than rescuing the effects of SCH28080, A23187 treatment had little if 
any impact on spicule initiation in SCH28080-treated embryos and slightly retarded 
skeletogenesis at high doses in controls (Fig. 2.13). These results contradict the 
hypothesis and indicate that SCH28080 does not block calcium import.  
2.4.6 PMCs in embryos treated with SCH28080 have increased intracellular calcium 
concentrations, but reduced numbers of calcium-rich puncta.  
We next asked how calcium concentrations were affected in SCH28080-treated 
embryos using the calcium-sensitive fluorescent dye calcein AM (Pinsino et al., 2011; 
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Vidavsky et al., 2014; Wilt et al., 2008) (Fig. 2.14). Surprisingly, SCH28080-treated 
embryos reproducibly possessed relatively elevated calcium levels in all tissues (Fig. 
2.14A-C). Bright calcein puncta were visible within the PMCs of control embryos (Fig. 
2.14A3), which correspond to calcium-rich vesicles that contain nanospheres of 
amorphous calcium carbonate (ACC) (Vidavsky et al., 2014). SCH28080-treated 
embryos had approximately half the number of puncta per PMC as control embryos at 
late gastrula stage, when skeletogenesis is initiating (Fig. 2.14A3, B3, D). This difference 
was more pronounced at pluteus stage, since control embryos had increased numbers of 
puncta per PMC, while SCH28080-treated embryos did not (Fig. 2.14D). These data 
indicate that SCH28080 treatment, despite generally elevating calcium levels, blocks the 
accumulation of ACC vesicles in PMCs. These results also imply that the reduced 
number of ACC vesicles observed in the PMCs within SCH28080-treated embryos is 
insufficient to support biomineralization.  
2.5 Discussion 
In this study, we use ion pump inhibitors to show that activity of the HKA is 
required for skeletogenesis in the sea urchin embryo. We demonstrate that treatment with 
the HKA inhibitor SCH28080 impairs PMC syncytium formation and prevents 
skeletogenesis. Addition of the drug after the initiation of skeletogenesis is sufficient to 
prevent further growth of the skeleton, indicating that ongoing HKA activity is required 
during biomineralization.  
 The randomization of the left-right axis we observed at low doses of the inhibitor 
is consistent with previous studies using SCH28080 and other HKA inhibitors in sea 
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urchins (Duboc et al., 2005; Hibino et al., 2006). The block to skeletogenesis at higher 
doses was replicated in this study with Omeprazole, another HKA inhibitor, and this 
phenotype is also consistent with previous studies of HKA inhibition in sea urchins 
(Fujino et al., 1987; Mitsunaga et al., 1987b). Although there are some concerns about 
non-specific effects of SCH28080 on the NKA (Lyu and Farley, 1997), NKA inhibition 
in the present study using Ouabain did not result in a block to skeletogenesis in Lv 
embryos. Moreover, the effects we observe are consistent with a specific effect on HKA 
activity, since proton levels, but not sodium or chloride levels, are rapidly responsive to 
SCH28080. Pre-gastrular SCH28080-treated embryos have a relatively high proton 
concentration compared to controls. This matches the relative depolarization exhibited by 
SCH28080-treated embryos compared to controls at these timepoints. During 
gastrulation, proton concentration and overall polarization in SCH28080-treated embryos 
become comparable to controls, while sodium and chloride concentrations are increased 
in SCH28080-treated embryos compared to controls. Because the NKA is expressed 
throughout the development of the embryo (data not shown), it is unlikely that these 
relatively late changes to Na+ and Cl- concentrations represent off-target effects of the 
drug, and we therefore interpret these late effects on sodium and chloride ions as 
reflecting compensatory changes by which SCH28080-treated embryos restore voltage 
and pH homeostasis. Interestingly, despite the normal proton concentrations and voltage 
potential of SCH28080-treated embryos at the end of gastrulation when skeletogenesis 
initiates, these embryos remain unable to undergo biomineralization. 
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The voltage and ion concentration changes we observed in SCH28080-treated 
embryos were present in the ectoderm as well as the PMCs. Our results indicate that 
voltage changes in the ectoderm do not disrupt dorsal-ventral specification. Based on the 
expression of in situ markers, ciliary band and neural labeling, and the appearance of 
bilateral spicule initiations, ectodermal dorsal-ventral specification and neural 
development appears to be normal in SCH28080-treated embryos. In contrast, in situs for 
left-right markers indicate randomization of the left-right axis in embryos treated with 
SCH28080, consistent with previous studies (Duboc et al., 2005; Hibino et al., 2006). 
The results indicate that the effects of HKA-mediated changes in voltage potential within 
the ectoderm are limited to left-right axis specification. 
SCH28080- and Omeprazole-treated embryos exhibit a strong block to 
biomineralization, which prompted us to evaluate VEGF and VEGFR expression, since 
this signal-receptor pair is required for biomineralization (Adomako-Ankomah and 
Ettensohn, 2013; Duloquin et al., 2007; Knapp et al., 2012). Surprisingly, we found that 
VEGF and VEGFR expression was normal in SCH28080-treated embryos. This 
interesting result indicates that normal VEGF and VEGFR expression is not sufficient for 
skeletogenesis in embryos lacking HKA activity. These results are consistent with a 
model in which HKA activity functions downstream from VEGF signaling within the 
PMCs, although it is also possible that the HKA operates independently of VEGF.   
Because we observed a complete loss of skeleton in embryos treated with 
SCH28080 prior to PMC ingression, we measured biomineralization genes such as 
SM30, SM50, and p16 (Cheers and Ettensohn, 2005; Wilt et al., 2013; Wilt, 1999; Wilt et 
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al., 2008), and found that biomineralization genes are expressed at normal levels in 
SCH28080-treated embryos. These unexpected results indicate, first, that PMC 
specification does not require HKA activity, and second, that biomineralization gene 
expression does not suffice for skeletogenesis. Because syncytium formation was 
inhibited in SCH28080-treated embryos and the PMC GRN factor Twist is required for 
PMC fusion (Wu et al., 2008), we assessed Twist expression, and found that Twist levels 
are also comparable in SCH28080-treated and control embryos. In fact, we found no 
differences in the expression of any genes in the well-described PMC specification gene 
regulatory network in SCH28080-treated embryos. It remains unclear how syncytium 
formation is impaired by HKA inhibition, but our results indicate that it is not via 
modulation of the known PMC GRN. In comparison to the GRN describing PMC 
specification, the PMC differentiation GRN is relatively sparse. Aside from Twist, no 
genes are known that impact PMC fusion; thus, it is possible that SCH28080 inhibits the 
expression of a currently unknown suite of PMC fusion genes. Thus, chemical 
approaches that inhibit ion channels and pumps as used in the present study may serve to 
highlight biological processes for which portions of the GRN are relatively incomplete. 
Alternatively, it is plausible that the defect in PMC fusion in SCH28080-treated embryos 
reflects a direct biophysical constraint on the fusion process itself, which may require a 
hyperpolarized state within the PMCs.  
In the absence of both Twist and syncytium formation, skeletogenesis is 
profoundly blocked (Wu et al., 2008); thus, it is possible that the impaired PMC fusion in 
SCH28080-treated embryos contributes to the block to skeletogenesis therein, 
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particularly in embryos treated with SCH28080 prior to the fusion event. However, 
defective fusion cannot account for the inhibition of biomineralization that occurs with 
SCH28080 treatment initiated subsequent to syncytium formation.  
Importantly, addition of SCH28080 after skeletogenesis has begun prevents 
further biomineralization. Thus, biomineralization requires continuous HKA activity. 
Notably, the block to skeletogenesis occurs with a delay, which suggests that the embryo 
becomes depleted of a component required for biomineralization. While loss of external 
calcium phenocopies SCH28080 treatment by also producing a delayed block to 
skeletogenesis, addition of a calcium ionophore did not rescue SCH28080 treatment, 
indicating that decreased calcium uptake does not explain the lack of skeleton production 
in SCH28080-treated embryos. We found, instead, that SCH28080 treatment results in 
increased intracellular calcium ion levels in the PMCs, along with decreased numbers of 
calcium-rich puncta. These puncta represent vesicles of precipitated amorphous calcium 
carbonate (ACC) that is destined for secretion onto the mineral matrix (Vidavsky et al., 
2014). Thus, calcium ions are stalled within PMCs in SCH28080-treated embryos, and 
are unable to be precipitated and exported to the skeleton, accounting for the block to 
biomineralization observed with HKA inhibition.  
Intracellular precipitation of ACC generates protons, and requires a buffering 
mechanism to proceed (McConnaughey and Whelan, 1997; Stumpp et al., 2012). 
Precipitation takes place in the Golgi of PMCs and vesicles of ACC are delivered to the 
site of skeletal growth (Fig 2.15). The mechanism used to buffer this reaction in sea 
urchins has not been elucidated, although it has been suggested that the HKA may play a 
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role (Fujino et al., 1987; Mitsunaga et al., 1987b; Stumpp et al., 2012). Importantly, we 
have shown that SCH28080-mediated acidification of the intracellular pH within PMCs 
is transient and returns to control levels before skeletogenesis initiates (Fig. 2.10C2); 
thus, it seems unlikely that PMC acidification can account directly for the block to ACC 
precipitation. We also found that SCH28080 treatment provokes a delayed increase in 
sodium and chloride ions (Fig. 2.10C3-4). It is possible that these late ion imbalances 
impair carbonate transport, and that defective carbonate transport underlies the block to 
ACC precipitation observed with HKA inhibition. Carbonate ions are transported into 
cells largely by co-transporters which mediate the movement of carbonate and sodium 
ions in an electrogenic manner, in a ratio of greater than 1:1 (sodium: carbonate). This is 
a passive processes, relying on existing ion gradients of sodium to drive transport of 
carbonate ions (Romero et al., 2013). Thus, it is likely that bicarbonate ion concentrations 
are perturbed in SCH28080-treated embryos, but it is unclear whether they are increased 
or decreased, and to what extent. A reasonable hypothesis is that increased sodium 
concentrations inhibit the passive import of carbonate ions into PMCs, resulting in 
decreased availability of carbonate for precipitation into ACC (Fig. 2.15).  
Human biomineralization shares many commonalities with the process in sea 
urchins (Fig. 2.16). Osteoblasts secrete collagen and other matrix proteins to form a 
scaffold (Blair et al., 2011; van de Peppel and van Leeuwen, 2014). Precipitation of 
hydroxyapatite, a calcium phosphate mineral, begins in vesicles which bud from 
osteoblasts to deliver mineral to the protein scaffold (Anderson, 2003). Precipitation of 
bone mineral releases protons, and requires a slightly alkaline pH to proceed (Blair et al., 
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2011). It remains unknown how osteoblasts buffer sites of biomineralization. Recent 
evidence shows that adults on long-term HKA inhibitor therapy have an elevated risk of 
osteoporosis, suggesting that biomineralization is impaired by HKA inhibition (Fournier 
et al., 2009; Targownik et al., 2008; Vestergaard et al., 2006; Yang et al., 2006). Human 
biomineralization requires the import of phosphate ions into the osteoblasts, which is 
achieved through co-transport with sodium ions in a passive process that relies on an 
existing sodium gradient (Murer et al., 2004). As such, perturbations in intracellular 
sodium concentrations could impair phosphate transport (Fig. 2.16). An important 
question to address is whether this HKA-inhibitor-mediated defect in biomineralization in 
humans results from acidification at the site of biomineral precipitation, or from 
imbalances in other ions such as sodium, as is the case in the sea urchin embryo.  
2.6 Conclusions 
Bioelectrical changes are critical for many aspects of collective cellular biology, 
including wound healing, regeneration, and developmental axis specification. Here we 
show that a normal bioelectrical signature is required for biomineralization of the sea 
urchin larval skeleton by the skeletogenic primary mesenchyme cells (PMCs). Inhibition 
of the H+/K+ ATPase (HKA) during sea urchin development prevents biomineralization 
of the calcium carbonate endoskeleton. The PMCs normally form a syncytium prior to 
skeletogenesis, and HKA inhibition impairs but does not block syncytium formation. 
However, the defect in syncytium formation cannot be responsible for the block to 
biomineralization, since HKA activity is required continuously as biomineral is produced. 
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We show that HKA inhibition blocks the intravesicular precipitation of 
amorphous calcium carbonate (ACC). Although the precipitation of ACC is thought to be 
pH dependent, we show that HKA inhibition results in only a transient decrease in 
intracellular pH and concomitant depolarization of the PMCs. At the developmental 
stages when biomineral is precipitated, pH homeostasis is restored in the PMCs, while 
intracellular levels of sodium and chloride ions are increased; we interpret these changes 
as compensatory. We show that HKA inhibition does not impair calcium uptake, but does 
inhibit ACC precipitation. We speculate that this effect is mediated through perturbed 
uptake of carbonate ions secondary to the compensatory changes in sodium and chloride 
ion concentrations. These results show that bioelectrical homeostasis is required to 
support ACC precipitation and biomineralization. Importantly, we show that pH 
homeostasis alone is not sufficient to support biomineralization; this novel result 
indicates that other ions must be maintained at appropriate levels for biomineralization to 
proceed. The question remains whether this requirement for bioelectrical homeostasis is 
conserved in other organisms that undergo biomineralization.   
  
  43 
 
Figure 2.1. SCH28080 treatment inhibits skeletogenesis. Lytechinus variegatus 
embryonic (DIC, 1) and skeletal (birefringence, 2) morphology is shown at late pluteus 
larva stage (48 hours post-fertilization) after treatment with either vehicle (A) or 
SCH28080 (B-H) at the indicated developmental stages. Abbreviations: Fert – 
fertilization; HB – hatched blastula; TVP – thickened vegetal plate; MB – mesenchyme 
blastula; EG – early gastrula; LG – late gastrula. 
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Figure 2.2. HKA inhibition, but not NKA inhibition, has dose-dependent effects on 
skeletogenesis. Embryonic (DIC, 1) and skeletal (birefringence, 2) morphology is shown 
at pluteus stage after treatment with vehicle (A), 125 µM SCH28080 (B), 50 µM 
SCH28080 (C), 115 µM Omeprazole (D), or 140 µM Ouabain (E).  
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Figure 2.3. SCH28080 treatment perturbs left-right axis specification in a dose-
dependent manner. Embryos treated with vehicle (A-B) or SCH28080 at 50 µM (C-F) 
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or 125 µM (G-J) were fixed at pluteus stage and subjected to FISH for the left- and right-
markers SoxE and Pitx2. Exemplars and scores are presented for embryos that exhibited 
normal expression (A, C, G), reversed expression (B, D, H), bilateral expression of both 
markers (E, I), or bilateral expression of only the right marker (F, J). DIC images with 
fluorescence overlays (1) are shown with right and left indicated for each embryo. 
Percentages indicate prevalence of each phenotype for the relevant treatment (2), which 
are summarized in the graph in K.  
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Figure 2.4. Ectoderm dorsal-ventral specification and differentiation is not 
perturbed by SCH28080 treatment. Embryos treated with either vehicle (A) or 
SCH28080 (B) were fixed at late gastrula stage and subjected to fluorescent in situ 
hybridization (FISH) for dorsal IrxA (A1, B1) or Tbx2/3 (A2, B2) and ventral Chordin 
(A1, B1) or Lefty (A2, B2). Embryos fixed at pluteus stage were stained for the ciliary 
band (A3, B3) or the neural markers synaptotagmin B (A4, B4, red), which labels all 
neurons, and serotonin (A4, B4, green). Insets show the corresponding DIC or phase 
contrast images; all embryos are presented in vegetal views with ventral toward the top, 
except in B3, which is an en face ventral view.  
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Figure 2.5. SCH28080 treatment does not perturb VEGF or VEGFR expression. 
Embryos treated with either vehicle (A-D), or SCH28080 (E-H) were fixed at the 
indicated developmental stages and subjected to FISH for VEGF and VEGFR. DIC 
images with fluorescence overlay (1), VEGF expression (2), VEGFR expression (3), and 
overlays of panel 2 and 3 (4) are presented. Abbreviations as in Fig. 2.1.   
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Figure 2.6. SCH28080 treatment does not affect the expression levels of ectodermal 
or PMC genes. Relative expression levels of ectoderm specification genes (A), 
skeletogenesis genes VEGF and VEGFR (B), PMC specification genes (C), and PMC 
differentiation genes (D) are shown in SCH28080-treated embryos as normalized CT ± 
SEM relative to controls at late gastrula stage (A, B, and D), or hatched blastula stage 
(C).  
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Figure 2.7. PMC positioning is normal in SCH28080- and Omeprazole-treated 
embryos. Vehicle- (A), SCH28080- (B), and Omeprazole-treated embryos (C) were 
fixed at late gastrula stage and immunolabeled for PMCs. The corresponding phase 
contrast images are inset. The number of PMCs per embryo is shown for each treatment 
as average ± SEM.  
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Figure 2.8. PMC syncytium formation is impaired in SCH28080-treated embryos. A. 
Schematic of the experimental design. B., C. Control (B) and SCH28080-treated embryos 
(C) were immunolabeled for PMCs (1) and GFP (2); overlays are shown in panel 3. 
Partial projections of each confocal z-stack are shown for clarity. Arrowhead indicates a 
cluster of GFP-negative PMCs. D. The number of uninjected GFP-positive PMCs (i.e., 
PMCs that fused) is reduced by approximately 50% with SCH28080 treatment, shown as 
average ± SEM.  
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Figure 2.9. SCH28080 treatment does not affect the spatial expression of PMC 
specification genes. Embryos treated with either vehicle (1) or SCH28080 (2) were fixed 
at early gastrula stage and subjected to in situ hybridization for the indicated genes. 
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Figure 2.10. SCH28080 treatment depolarizes PMCs and modulates ion 
concentrations. Exemplars of vehicle- (A) and SCH28080-treated (B) embryos at 
mesenchyme blastula stage, and quantitative results (C) are shown for the indicator dyes 
DiBAC, which senses voltage (1), SNARF, which senses protons (2), CoroNa, which 
senses sodium ions (3), and MEQ, which senses chloride ions (4). A., B. All panels are 
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presented as single z slices from a confocal microscope with the indicated look-up-table 
applied. Arrow-heads indicate PMCs. Insets show the corresponding phase images. C. 
The fluorescence signal intensity within PMCs of vehicle- (blue) or SCH28080-treated 
(red) embryos is plotted at the indicated developmental stages, as averages ± SEM; the 
relative values are given in arbitrary fluorescence units (AFU). Each data point represents 
measurements from 12 or more embryos, with the exception of three control points, 
which were measured in fewer embryos. Note that the y-axis in C4 is inverted, with low 
signal corresponding to high chloride ion concentrations, since Cl- ions quench MEQ 
fluorescence. Abbreviations are as in Fig. 2.1.  
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Figure 2.11. SCH28080 treatment depolarizes the ectoderm and modulates ion 
concentrations therein. Voltage and ion concentrations were measured in the ectoderm, 
as described in Fig. 2.10.  
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Figure 2.12. Low-calcium sea water phenocopies SCH28080-treatment. Embryonic 
(DIC, 1) and skeletal morphology (plane polarized light, 2) is shown at pluteus stage after 
washing into artificial sea water with normal (A) or reduced (B-H) levels of calcium at 
the indicated developmental stages. Abbreviations as in Fig. 2.1. 
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Figure 2.13. Calcium ionophore treatment does not rescue the SCH28080 
phenotype. Embryonic (DIC, 1) and skeletal (birefringence, 2) morphology of embryos 
treated with vehicle, SCH28080, the calcium ionophore A23187, or a combination, at the 
indicated doses, shown at pluteus stage.  
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Figure 2.14. SCH28080 treatment results in increased calcium levels in embryonic 
tissues, and decreased numbers of calcium-rich puncta in the PMCs. A., B. Examples 
of vehicle- (A) and SCH28080-treated (B) embryos imaged with the calcium-sensitive 
fluorescent dye calcein are shown as DIC images (1), confocal images of single z-slices 
of calcein fluorescence (2), and magnified views of the indicated region (3). In magnified 
views, the contrast has been increased to clarify the puncta. C. Quantitation of calcein 
fluorescence levels in the indicated tissues of late gastrula (LG) stage embryos treated 
with vehicle or SCH28080, shown as average arbitrary fluorescence units (AFU) ± SEM. 
D. Numbers of puncta per PMC in vehicle- or SCH28080-treated embryos at the 
indicated stages, shown as average counts ± SEM.  
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Figure 2.15. HKA activity is required for sea urchin biomineralization. In PMCs, 
calcium and carbonate ions are concentrated in the Golgi where they precipitate to form 
amorphous calcium carbonate (ACC). ACC is packaged into vesicles (green) and 
transported to the site of skeletal growth (yellow = skeletal element). We showed 
increased intracellular sodium concentrations upon HKA inhibition with SCH28080, 
which may inhibit the co-transport of carbonate ions into the PMCs. 
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Figure 2.16. HKA activity is required for human biomineralization. Osteoblasts 
concentrate calcium and phosphate ions to precipitate hydroxyapatite, a calcium 
phosphate biomineral. Hydroxyapatite is packaged into vesicles (green) and secreted to 
the site of bone growth (pale yellow), where it is added to the protein matrix. An 
important question to address is whether HKA inhibition impairs phosphate co-transport 
with sodium ions by increasing intracellular sodium concentrations. 
  62 
Table 2.1. Primers used for qPCR. 
 
Gene 5' Primer 3' Primer 
LvSetmar GCCATCATGTCCTTGTCTCA CACATGAAGCTTGATCAGGTAGTC 
LvAlx CCGGTACCAGTACCACCAAC AGGATGGGAGTGTTGACTGC 
LvEts CGGAGGCATTGAGAATCAAG TAGGCATGCGTTCATCAGAG 
LvErg GGACACTTGCTAACCCGGTA TTCTCCCCATCTTCTGGCTA 
LvTbrain CTCTCTCACCAGACTGCTCACT GTGGTGGAATGTGGGGAATC 
LvSnail CCGAGGTCTTTTCTCGTCAA ACTTGCCACTGACACAACACC 
LvTwist CGACAACGCACTCAATCACT CAGCTACCCACCATCTTTTG 
LvTel GGGCGCTCCGGTACTACTAT CGGAATGTTCTGGATTGTCC 
LvFoxO AGCAATAGTTCAGCGGGTTG ACTCTCCCTCGCTTCCTCTC 
LvFoxB TATGTGCTGCGGACAGTCTC CTGACTTGGCAACCCAAAAC 
LvFoxN2/3 TGAGCGATTTCAGTGACGAG GACGCTTCTTGAGTGGCAAT 
LvHex CGAAGGTGCTCCAGTTGAGT GCTGATTCGGTTGATGTGAC 
LvTGIF TCCTGAGCCCATCATCTAGG TCATTGTGACTGGGGCTGTA 
LvSm30 CCACAGCTTCTGCAACAACA AGGCTGGATGGCGTAGTATG 
LvSm50 GAGTAGCTCCGGTGCATCAT TGGTTCTCCATAGGTGACGA 
LvMsp130 GTGGTCAAGGAGGTCAAGGT AGGTTCGTACTGGGGGAAAT 
LvClectin GTGGACAGGCTCATCTCGTT CAAACCGAGCCATAGACGTT 
LvSm37 GGTGGACGATGGAATCCTAA GCACCACCTTGACCTTGATT 
LvDri CCCATCATGGCAAAACAAGT GTGTGAACGCTGCACTGGTA 
Lvp58A TCCCAGGCACTGGTATCTCT CTGCTGGGTAACCGAATGAT 
Lvp16 GTAGCAGCAGCCGTACCAG GCTGCCAGATGTTCCGTAGT 
LvSm27 CGAGGGGAACCTAACAATCA GGTACTGCACCGGTAAGTGG 
Lvp58B CTTCCCGAAATGGAAGAGAC TCCATACCCAGAGCCTTGAG 
LvChordin CCCACTCAAGGCAGAGATAC GAAGGTACACCCTGGAACAC 
LvBMP2/4 CCATCAGGAGCTATCATCACG ATCACTGTGTGTCTGTGGTG 
LvTbx2/3 CCCATGGAAACACAGAGC TGACCATTTCCGTTCCTC 
LvIrxA CCAGGAATCGATGCGGTGATGG CATCTCGATGATCACGGTGGTGG 
LvVEGF CTACAAAGGAAGGCGGAACG GCTCCGTTGATACATGGTGG 
LvVEGFR CCACCATCACCCATCAAACCACC CCCTGACCTGAATCCACTGG 
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Chapter Three 
V-type H+ ATPase activity is required for dorsal-ventral symmetry breaking in sea 
urchin embryos 
 This study includes contributions from Patrick Reidy, Sarah Hadyniak, Matthew 
Lawton, Brielle Dojer, and Shweta Kitchloo, undergraduate students who I trained and 
mentored. The students generated data that contributed to Figure 3.4.  
3.1 Abstract 
Bioelectrical signals encode large-scale polarity in developing embryos. 
Specification of the sea urchin dorsal-ventral (DV) axis is initiated by Nodal signaling. 
We previously showed that the asymmetric activation of Nodal occurs downstream from 
p38 MAPK, which itself is transiently asymmetrically active and is required for DV 
polarity. Here, we describe distinct voltage and pH gradients along the DV axis of 
developing sea urchin embryos. We show that the DV voltage and pH gradients are 
flattened by V-type H+ ATPase (VHA) inhibition, which results in dramatic 
ventralization. This effect is rescued by enforcing Nodal signaling asymmetry. VHA-
inhibited embryos fail to transiently inactivate p38 MAPK in the presumptive dorsal 
territory, and subsequently initiate Nodal expression globally. Together, these results 
suggest a model in which VHA-dependent bioelectrical gradients relay the maternal 
mitochondrial asymmetry to the transient asymmetry of active p38 MAPK, and indicate 
that VHA activity is required for dorsal-ventral symmetry breaking in sea urchin 
embryos.  
3.2 Introduction 
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Voltage and pH gradients play a complex role in biological signaling events 
controlling proliferation, migration, patterning, wound healing, regeneration, and cancer 
(Adams et al., 2007; Adams et al., 2006; Akasaka et al., 1997; Beane et al., 2011; 
Blackiston et al., 2009; Cole and Woodruff, 2000; Cone and Cone, 1976; De Milito et al., 
2007; Hibino et al., 2006; Izumi et al., 2003; McCaig et al., 2005; McCaig et al., 2009; 
Nogi et al., 2005; Nuccitelli, 2003; Nuccitelli et al., 2011; Nuckels et al., 2009; 
Schatzberg et al., 2015; Wood, 2012; Zhao et al., 2006). In particular, V-type H+ ATPase 
(VHA) activity is required for normal development in both plants and animals. VHA 
activity is a conserved requirement for specification of the left-right axis in frogs, 
chickens, and zebrafish (Adams et al., 2006), and is required for morphogenesis of the 
zebrafish eye (Nuckels et al., 2009). VHA activity is both necessary and sufficient to 
induce regeneration in tadpole tails (Adams et al., 2007) and it is necessary for gamete 
development in plants (Dettmer et al., 2005). The purpose of this study was to determine 
the role of the VHA in developing sea urchins, which has not been previously explored. 
We found that VHA activity is required for dorsal-ventral (DV) symmetry breaking.  
In sea urchin embryos, the TGF-β family member Nodal is expressed only on the 
ventral side and is required for ventral specification (Bradham and McClay, 2006; Duboc 
et al., 2004; Flowers et al., 2004). Nodal signaling induces the expression of Nodal itself, 
as well as the Nodal inhibitor Lefty, which restricts further expansion of the ventral 
domain (Duboc et al., 2008); Nodal also induces the expression of the signal BMP2/4, 
which diffuses to the opposite side of the embryo and directs dorsal specification 
(Bradham and McClay, 2006; Duboc et al., 2008; Duboc et al., 2004; Lapraz et al., 2015; 
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van Heijster et al., 2014). The asymmetric expression of Nodal requires the activity of 
p38 MAPK, which is transiently inactivated on the presumptive dorsal side, and is 
otherwise globally active (Bradham and McClay, 2006). There is evidence that the 
asymmetric activation of p38 may be due to maternally asymmetric mitochondria, which 
overlap spatially with asymmetric p38 activity on the presumptive ventral side of the 
embryo (Coffman et al., 2009; Coffman and Davidson, 2001; Coffman et al., 2004; 
Modell and Bradham, 2011), although the details of this connection remain unclear. Here, 
we demonstrate that VHA activity is required for transient p38 inactivation on the dorsal 
side of the embryo, and for the subsequent spatially restricted initiation of Nodal 
expression. We propose that the VHA exerts its effects on p38 activity via regulation of 
pH and voltage gradients in the early embryo, which are oriented along the DV axis as 
defined by the maternal mitochondrial asymmetry.  
3.3 Materials and Methods 
3.3.1 Embryo culture, drug treatments, microinjection, photography 
Lytechinus variegatus (Lv) were obtained from Duke University Marine Labs 
(North Carolina) or Reeftopia (Florida) and maintained in the laboratory until gametes 
were harvested. Spawning and microinjections were performed by standard methods. 
Concanamycin A (ConA, Sigma), Bafilomycin A1 (BafA1, Santa Cruz), Late Endosome 
Trafficking Inhibitor EGA (EGA, Millipore), Bromoenol Lactone (BEL, Sigma), 
Dynasore Hydrate (Sigma), SB203580 (SB20, Sigma), and SB431542 (SB43, Sigma) 
were resuspended in anhydrous DMSO and diluted in artificial sea water. The minimum 
effective dose fluctuated slightly depending on the batch of drug and population of 
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embryos; unless otherwise indicated, the dose used was about 7 nM ConA or 225 nM 
BafA1. Embryos were treated within one hour of fertilization unless otherwise indicated. 
In the case of microinjected embryos, drug treatment began no more than 30 minutes 
after the injections were completed. RNA for microinjections was prepared with the 
mMessage mMachine SP6 KIT (Ambion) and diluted in glycerol with a dextran-
conjugated lineage tracer (ThermoFisher). Morpholinos were purchased from Gene-
Tools. Embryos were photographed for morphology on a Zeiss Axioplan microscope at 
200x magnification using either DIC optics or plane-polarized light to visualize the 
birefringent skeletons. Skeletons are presented as montages of several focal planes to 
display the entire three dimensional skeleton in focus.  
3.3.2 Immunofluorescence and fluorescent in situ hybridization 
Antibody stains were performed as previously described (Bradham et al., 2009), 
using primary antibodies 295 (ciliary band, a gift from Dave McClay), 1e11 
(synaptotagmin B, Developmental Studies Hybridoma Bank), and anti-serotonin (Sigma). 
Cy2- and Cy3-conjugated secondary antibodies were from the Jackson Laboratories. 
Embryos were imaged on an Olympus Fv10i laser scanning confocal. The Olympus 
software was used to create full z-stack projections for each embryo. Fluorescent in situ 
hybridization was carried out by standard methods. Probes for LvNodal, LvChordin, 
LvBMP2/4, and LvTbx2/3 were previously described (Bradham and McClay, 2006; 
Bradham et al., 2009; Gross, 2003). A probe for LvLefty was a gift from Dave McClay 
and has been previously used (Schatzberg et al., 2015). A partial-length probe of LvIrxA 
was amplified from late-gastrula stage Lv cDNA. Probes were labeled with DNP-11-UTP 
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(Perkin Elmer) and visualized with the Tyramide Signal Amplification Kit (Perkin 
Elmer). Labeled embryos were imaged on a Zeiss Axioplan microscope at 200x 
magnification.  
3.3.3 Molecular constructs 
The sequences for full-length LvNodal mRNA, a specific LvNodal morpholino, 
and the chimeric Lvp38-GFP mRNA have been previously described (Bradham and 
McClay, 2006). A sequence encoding a constitutively active form of the Nodal receptor, 
LvAlk4/5/7 was created by mutating the full-length LvAlk4/5/7 sequence (Piacentino et 
al., 2015) as described (Lapraz et al., 2015). The mutation was performed using PCR, 
changing residue 271 from glutamine to aspartic acid, resulting in LvAlk4/5/7 Q271D 
(AlkQD).  
3.3.4 qPCR 
Total RNA was collected using the RNEasy Mini kit (QIAGEN) and DNAse 
treated with the RNAse-free DNAse Set (QIAGEN). Samples were reverse transcribed 
using the TaqMan Reverse Transcription Kit (ThermoFisher); qPCR was done using 
SYBR Green PCR Master Mix (ThermoFisher) in an ABI 7900ht qPCR thermocycler. 
Each data point represents a minimum of two biologically independent replicates (each in 
triplicate, for a minimum of 6 measurements). CT values, normalized to LvSetmar 
expression, are shown as average ± SEM. Primer sequences used were previously 
reported (Schatzberg et al., 2015) except those for LvVHA116 (forward: 5’-
GCTCCTGCTCCTAGGGAGAT-3’, reverse: 5’-TCTCCATCGTCCATCTCATC-3’).  
3.3.5 Reporter dyes 
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MitoTracker Green FM, Tetramethylrhodamine (TMRM), LysoTracker Red 
DND-99, Bis-(1,3-dibutylbarbituric acid)trimethine oxonol (DiBAC4(3)), and Bis-(1,3-
diethylthiobarbituric acid)trimethine oxonol (DiSBAC2(3)) (ThermoFisher) were 
prepared according to the manufacturer’s instructions. Live embryos were loaded with 
dye for up to 1 hour at room temperature and then imaged on an Olympus DSU spinning 
disk confocal. Single focal planes were captured, roughly in the center of each embryo. 
Raw 16-bit images were analyzed using a custom MATLAB script. For each embryo, 
measurements were made of the background signal (fluorescence intensity in the corners 
of the image where no tissue was present), the signal on the “high” side (measurement of 
four contiguous cells in the region of the embryo appearing to have a higher average 
signal intensity), and the signal on the “low” side (measurement of four contiguous cells 
in the region of the embryo directly opposed to the location of the “high” side). For pH 
and voltage measurements, mitochondrial asymmetry was used to orient the DV axis and 
measurements were made across this axis. For each embryo, the percent difference 
between the “high” and “low” sides was determined after subtraction of the background, 
and these percent differences were used for analysis. Each treatment group represents 10-
15 embryos, and each experiment was repeated at least twice with biologically 
independent samples.  
3.4 Results 
3.4.1 VHA activity is required for normal specification and differentiation of the 
dorsal-ventral (DV) axis in sea urchin embryos.  
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VHA was originally isolated from plants and yeast and classified as a vacuolar 
proton pump (Kakinuma et al., 1981; Lin et al., 1977; Pedersen and Carafoli, 1987). 
Although the VHA acidifies the lumen of membrane-bound organelles such as 
endosomes (Inoue et al., 2003; Nishi and Forgac, 2002), it is also expressed on the 
plasma membrane of many cell types (Breton and Brown, 2007; Klein et al., 1997; 
Narbaitz et al., 1995; Nishi and Forgac, 2002) and thereby contributes to the regulation of 
cytoplasmic pH and resting membrane potential of the cell (Brown and Breton, 2000; 
Gluck, 1992; Kawasaki-Nishi et al., 2003; Liao et al., 2007; Scarborough, 2000). 
Bafilomycin A1 (BafA1) and Concanamycin A (ConA) are each specific inhibitors of the 
VHA. These inhibitors bind to the c subunit in the proton-translocating VO domain and 
likely inhibit VHA activity by preventing the rotation necessary to drive proton 
movement (Bowman et al., 2004; Huss et al., 2002; Huss and Wieczorek, 2009).  
To test the function of the VHA during sea urchin development, we treated 
embryos with optimized doses of either ConA or Baf1. Both inhibitors disrupted DV axis 
specification in sea urchin embryos (Fig. 3.1). ConA- or BafA1-treated embryos exhibit 
strongly radialized skeletons (Fig. 3.1C-J). The embryos hatched, swam, gastrulated, and 
produced a calcium carbonate skeleton on a slightly delayed schedule compared to their 
vehicle-treated counterparts; their aberrant skeletal patterning was the only 
morphological defect observed. Very similar phenotypes were observed with these two 
drugs (compare Fig. 3.1C-F with Fig. 3.1G-J), suggesting that the radialized phenotype is 
due to specific inhibition of VHA activity, rather than an effect of off-target binding. As 
further confirmation, the two drugs were used in combination at suboptimal doses (Fig. 
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3.2); while each drug alone at the suboptimal dose gave rise to a normally patterned 
larvae (Fig. 3.2I-L), the radialized phenotype was recapitulated by treatment with 
combined suboptimal doses (Fig. 3.2G-H).  
To further characterize the phenotype of these radialized embryos, immunostains 
were performed to assess the differentiation of the ectoderm (Fig. 3.3). In control 
embryos, the ciliary band is restricted to a stripe which marks the border between dorsal 
and ventral ectoderm (Fig. 3.3A). However, VHA inhibition resulted in a ciliary band 
staining pattern often observed in ventralized embryos: a posterior band marking a wide 
ring around the blastopore and labeling of the apical-most cells (Fig. 3.3B-C) (Bradham 
et al., 2009; Yaguchi et al., 2010). Similarly, the pattern of neural staining observed in 
ConA- and BafA1-treated embryos suggested ventralization: a complete absence of 
serotonergic neurons (Fig. 3.3E-F, green) and a posterior ring of peripheral neurons 
around the blastopore (Fig. 3.3E-F, red) (Bradham et al., 2009; Yaguchi et al., 2010). We 
corroborated these results with fluorescent in situ hybridization (FISH) of ventral 
ectoderm genes nodal, lefty, bmp2/4, and chordin and dorsal ectoderm genes tbx2/3 and 
irxA (Fig. 3.4). ConA-treated embryos exhibited unrestricted expression of ventral 
ectoderm genes and absence of dorsal ectoderm gene expression at the early gastrula 
stage, shortly after DV specification is completed. These data indicate that inhibition of 
the VHA causes complete ventralization of the ectoderm of sea urchin embryos. Since 
signaling from the ectoderm to the skeletogenic cells regulates skeletal patterning 
(Armstrong et al., 1993; Duloquin et al., 2007; Piacentino et al., 2016a; Piacentino et al., 
2015; Piacentino et al., 2016b), it is highly likely that radialization of the larval skeleton 
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in response to ConA or BafA1 is derivative to ventralization of the ectoderm (Armstrong 
et al., 1993; Piacentino et al., 2015; Piacentino et al., 2016b).  
3.4.2 VHA activity is required for spatially-restricted initiation of nodal expression.  
Localized expression of the TGF-β family member Nodal initiates the direct 
specification of ventral and indirect specification of dorsal in sea urchin embryos (Duboc 
et al., 2004; Lapraz et al., 2015). To determine the spatial and temporal dynamics of 
Nodal expression in BafA1-treated embryos, FISH was performed on embryos fixed at 
time points flanking Nodal initiation (Fig. 3.5). Beginning at 5.5 hours post fertilization, a 
minority of embryos had detectable levels of Nodal expression in both treatment groups 
(Fig. 3.5E-F, O-P). The percentage of embryos expressing Nodal increased with time, 
and while the majority of DMSO-treated embryos exhibited asymmetric Nodal 
expression, the BafA1-treated embryos displayed global expression of Nodal (Fig. 3.5O-
T). At the earliest timepoints, Nodal expression was sometimes enriched on one side 
along with a lower global expression level (Fig. 3.5O-P); however, at subsequent 
timepoints, Nodal expression was global and symmetric (Fig. 3.5Q-T). This result was 
reproducible and significant across five independent experiments (Fig. 3.6). qPCR for the 
VHA 116 kDa subunit in the VO domain (LvVHA116) showed a peak in transcript levels 
coinciding with the onset of Nodal expression, demonstrating that this channel is present 
at the correct time to be involved in Nodal initiation (Fig. 3.7). These results suggest that 
VHA activity provides spatial information used to direct the initiation of Nodal 
expression. Importantly, the BafA1-treated embryos begin to express Nodal close to the 
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same time as the vehicle-treated controls, indicating that no temporal information for 
Nodal initiation is lost when VHA activity is blocked.  
3.4.3 Endocytosis inhibitors do not phenocopy VHA inhibition.  
The VHA has important roles in both maintenance of intracellular pH and the 
acidification of organelles, specifically those involved in endocytosis (Inoue et al., 2003; 
Nishi and Forgac, 2002). To test whether VHA inhibition blocks dorsal or promotes 
ventral specification via interfering with endocytosis, we tested whether treating embryos 
with a panel of endocytic inhibitors would provoke DV defects (Fig. 3.8). Dynasore 
hydrate (DS) blocks dynamin activity, and thereby inhibits clathrin-dependent 
endocytosis (Macia et al., 2006). DS upregulates TGFß signaling, and was previously 
described as an inhibitor of DV specification in S. purpuratus embryos (Chen et al., 
2009; Ertl et al., 2011).  However, while we observed a severe impact of DS treatment on 
embryonic morphology, including an apparent failure to hatch from the fertilization 
envelope in greater than 90% of treated embryos, they nonetheless retain an evident DV 
polarity, based on their skeletal morphology (Fig. 3.8C-D).  This result indicates that DS 
does not inhibit DV specification. Bromoenol lactone (BEL) inhibits transferrin 
recycling, a shallow endocytic pathway, while 4-Bromobenzaldehyde-N-(2,6-
dimethylphenyl)semicarbazone, (E)-2-(4-Bromobenzylidene)-N-(2,6-
dimethylphenyl)hydrazinecarboxamide) (EGA) inhibits late endosome trafficking (de 
Figueiredo et al., 2001; Gillespie et al., 2013). BEL was used at the maximum non-lethal 
dose, while EGA was used at the maximum dose possible due to its poor solubility in sea 
water. Neither treatment impacted DV specification as assessed by skeletal morphology 
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(Fig. 3.8E-H). These data suggest the ventralized phenotype observed in ConA- and 
BafA1-treated embryos is a result of signaling events caused by dysregulated intracellular 
pH.  
3.4.4 A pH gradient exists across the dorsal-ventral axis in control embryos and is 
flattened by inhibition of the VHA.  
To visualize the spatial distribution of pH in the developing embryo, we used 
LysoTracker, which accumulates in acidic organelles (Price et al., 2003). We measured 
the resulting average fluorescence intensity of cells in the embryo, which reflects both 
acidic organelles such as lysosomes, and any cytoplasmic staining due to a relatively 
acidic intracellular environment (Chickte et al., 2014). Control embryos imaged between 
5 and 6 hours post fertilization displayed a clear gradient of LysoTracker signal (Fig. 
3.9A-B). In BafA1-treated embryos, the pH gradient appears to be flattened, with 
increased acidity throughout the presumptive ventral side of the embryo (Fig. 3.9G-H). 
To quantitate the signal, we compared the difference in fluorescence at the high and low 
poles of the gradient within individual embryos. Analysis of DMSO-treated embryos 
revealed an average 48% difference in fluorescence intensity (Fig. 3.9E-F, I), while 
BafA1-treated embryos had only an average 27% difference, which was statistically 
significant compared to DMSO (Fig. 3.9I). To determine the spatial orientation of the pH 
gradient in control embryos, we also labeled the mitochondria, which are enriched in the 
ventral region of the embryo (Coffman et al., 2004; Modell and Bradham, 2011). In 
embryos double-labeled with LysoTracker Red and MitoTracker Green (Fig. 3.9A-D), 
the strong LysoTracker signal was found on the side opposite to the mitochondria in 
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14/20 embryos, indicating that the more acidic side of the embryo is the future dorsal 
side. Together, these results demonstrate that the embryo normally exhibits a gradient in 
pH along the DV axis during the period in which DV specification occurs and in which 
Nodal is ventrally expressed. The gradient is relatively alkaline in the presumptive 
ventral region, and acidic in the presumptive dorsal region, and is flattened by VHA 
inhibition.  
3.4.5 A voltage gradient exists across the dorsal-ventral axis in control embryos and 
is flattened by inhibition of the VHA.  
We next asked if the mitochondrial asymmetry present in control embryos was 
maintained in BafA1-treated embryos, and observed no difference in mitochondrial 
ventral enrichment between controls and BafA1-treated embryos (Fig. 3.9J-K, N-O, R). 
To measure the overall voltage signature in the embryo, we used the voltage-sensitive 
dye DiSBAC; higher DiSBAC signals reflect stronger depolarization (Epps et al., 1994). 
Embryos double-labeled with MitoTracker Green and DiSBAC exhibit a clear gradient of 
depolarization along the dorsal-ventral axis in control embryos between 5 and 6 hours 
post fertilization (Fig. 3.9J-M), indicating that the ventral ectoderm is relatively 
depolarized compared to the dorsal ectoderm of the sea urchin embryo. This was an 
unexpected and surprising result, since the presumptive dorsal side is more acidic (Fig. 
3.9A-D) and thus should also be more depolarized, reflecting the increase in positive 
charge due to proton accumulation. This would be analogous to what is observed in the 
inner mitochondrial membrane. Instead, the dorsal side is relatively hyperpolarized. This 
indicates that ions other than protons must contribute to the depolarization of the ventral 
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side. The voltage gradient was visualized in embryos between 5 and 6 hours post 
fertilization, and this timing suggests it could be important in regulating the onset of 
Nodal expression and thereby directing the specification of the dorsal-ventral axis. The 
ventral-to-dorsal voltage gradient was significantly perturbed in BafA1-treated embryos, 
which had an average of only an 11% difference between the high and low signal regions 
of the embryo, compared to 28% in controls (Fig. 3.9N-R).  
3.4.6 VHA activity is required for transient p38 inactivation on the dorsal side of the 
embryo.  
Sea urchin embryos have globally active p38 MAPK throughout much of 
development, except for a brief inactivation on the dorsal side of the embryo, just before 
the initiation of Nodal expression; p38 activity is required for the onset of Nodal 
expression and for ventral specification during that interval (Bradham and McClay, 
2006). To determine whether the activity of p38 is perturbed by BafA1 treatment, 
embryos were injected with mRNA encoding a GFP-tagged p38 construct. The GFP 
signal can be observed to localize to nuclei only where p38 is active (Fig. 3.10) (Bradham 
and McClay, 2006). To observe the dynamics of p38 activity, injected embryos were 
imaged by confocal microscopy every 10 minutes during a three hour interval. In control 
embryos, asymmetric nuclear clearance of p38 was observed between 5 and 5.5 hours 
post fertilization (Fig. 3.10A-C), consistent with previous observations (Bradham and 
McClay, 2006; Modell and Bradham, 2011). Clearance was defined by a region of more 
than 3 neighboring nuclei becoming indistinguishable from the background fluorescence 
for at least two frames (>20 minutes) and was seen in 3/3 biological replicates. We 
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observed no such clearance in BafA1-treated embryos, despite imaging past 7 hours post 
fertilization in 6/6 biologically independent replicates (Fig. 3.10D-F). These data indicate 
that VHA activity is required for the transient inhibition of p38 in the dorsal region 
during DV specification, and further imply that the lack of dorsal p38 clearance promotes 
the global onset of Nodal expression. It has long been thought that p38 activity provides a 
positive input to initiate Nodal expression in the sea urchin embryo, and here we show 
that ectopic p38 activity correlates with globally activated Nodal expression, implying 
that p38 MAPK activity is sufficient to control the spatial expression of Nodal. These 
data further indicate that the unknown temporal cofactor required for Nodal expression is 
globally available. Taken together, these results show that VHA activity is required for 
dorsal p38 inactivation. Further, these data indicate that p38 dynamics are under the 
control of VHA-dependent voltage and/or pH gradients.   
Thus, the embryo possesses two distinct and opposite gradients in pH and voltage 
along the dorsal-ventral axis that are present during DV specification, specifically during 
the asymmetric (ventral) activation of p38 MAPK and subsequent expression of Nodal. 
In addition, inhibition of VHA activity via BafA1 treatment impacts each of these events, 
which suggests that they are causally connected, with the pH and voltage gradients 
upstream of asymmetric p38 activity and Nodal expression. To test the alternative 
hypothesis, we used a similar voltage-sensitive dye, DiBAC, to measure the gradient in 
embryos in which we either inhibited p38 MAPK with SB203580 (SB20), knocked down 
Nodal with a Nodal-specific translation blocking morpholino (Nodal MO), or inhibited 
the Nodal receptor Alk4/5/7 with SB431542 (SB43) (Fig. 3.11). Despite these treatments 
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resulting in radialized skeletons (Fig. 3.11F, T, X), none had a significantly different DV 
voltage gradient when compared to controls (Fig. 3.11Y), demonstrating that the 
endogenous voltage gradient does not require p38 MAPK activity, Nodal expression, or 
Nodal signaling. These data are consistent with a model in which the endogenous voltage 
and pH gradients operate upstream of p38 dynamics and Nodal expression in the ventral 
specification program.  
We then asked whether BafA1 treatment could ventralize embryos in the absence 
of p38 MAPK activity. This was tested by treating embryos with BafA1 in combination 
with SB20 (Fig. 3.12). Nodal expression was visualized by FISH and ventral gene 
expression was measured by qPCR. At 7 hours post fertilization, control embryos had 
asymmetric Nodal expression and BafA1-treated embryos had global Nodal expression 
(Fig. 3.12A-H). SB20-treated embryos and BafA1 + SB20-treated embryos had no 
detectable Nodal expression, indicating that these two treatments prevented ventral 
specification (Fig. 3.12I-P). This result was corroborated by qPCR for the ventral genes 
Nodal, Lefty, and Chordin (Fig. 3.12Q). No significant change in ventral gene expression 
level was measured by qPCR in BafA1-treated embryos compared to control, which 
likely reflects the short delay in Nodal initiation with BafA1 treatment (Fig. 3.6). 
However, the expression level of ventral genes was significantly inhibited in SB20 and 
BafA1 + SB20-treated embryos, indicating that ventral specification was inhibited by 
these treatments (Fig. 3.12Q). These data show that p38 MAPK activity is required for 
VHA-mediated globalization of Nodal expression, and suggest that the VHA-dependent 
pH and voltage gradients are upstream of p38 activity.  
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3.4.7 Experimental restriction of Nodal onset is sufficient to rescue specification of 
the DV axis in BafA1-treated embryos.  
Since VHA inhibition resulted in global p38 activity and global Nodal expression, 
we asked whether enforced spatial restriction of Nodal signaling would suffice to rescue 
DV axis specification in VHA-inhibited embryos (Fig. 3.13). Experimental restriction of 
Nodal signaling was achieved by inhibiting Nodal expression in the zygote via 
microinjection of Nodal MO, then activating Nodal signaling in one blastomere at the 
four-cell stage via injection of mRNA encoding a constitutively active form of the Nodal 
receptor, LvAlk4/5/7 Q271D (AlkQD) (Fig. 3.13K), which results in asymmetric Nodal 
signaling activity that triggers ventral specification but which blocks the spatial spread of 
the signal by inhibiting positive feedback-mediated expression of Nodal. When one 
blastomere is injected with label only, the label usually is segregated laterally 
(approximately 70%, Fig. 3.13F-IH). In contrast, an AlkQD-injected blastomere is 
specified as ventral, whether the zygote is injected with Nodal MO (Fig. 3.13K-M), or 
with dye only (Fig. 3.13P-R). While embryos injected with lineage tracers alone were 
radialized by BafA1 treatment (Fig. 3.13I-J), BafA1-treated embryos that received Nodal 
MO in the zygote and AlkQD mRNA in one blastomere at the four-cell stage developed 
normally with bilateral skeletons (Fig. 3.13N-O), indicating that spatial restriction of 
Nodal signaling activity is sufficient to rescue BafA1-mediated ventralization. These data 
imply that VHA activity is required for the initial spatial control of Nodal signaling. 
Interestingly, embryos which received injection only of AlkQD at the 4-cell stage were 
also rescued from the effects of BafA1 treatment (Fig. 3.13S-T). In these embryos, no 
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experimental restrictions on the spread of Nodal signaling are in place; since AlkQD 
activates Nodal transcription, the resulting secreted Nodal protein is able to diffuse to 
neighboring cells and signal. Only an asymmetric initiation of Nodal signaling is 
experimentally enforced under these conditions (Fig. 3.13P-T), and since DV axis 
specification was normal in these embryos following BafA1 treatment, these results 
provide further evidence that VHA activity is required only for the asymmetric onset of 
Nodal expression, and indicate that the embryo is subsequently able to spatially restrict 
the spreading of Nodal signaling activity despite ongoing VHA inhibition.  
3.5 Discussion 
In this study, we demonstrate that VHA activity is required for the transient 
inactivation of p38 MAPK on the dorsal side of the embryo and for the subsequent 
asymmetric onset of Nodal expression in the ventral domain of developing sea urchin 
embryos. We demonstrate the existence of oppositely oriented pH and voltage gradients 
along the DV axis, which is both depolarized and alkaline on the presumptive ventral 
side. We show that pharmacological inhibition of the VHA perturbs each of these 
gradients, results in global rather than asymmetric p38 activity and Nodal expression, and 
ventralizes the embryo. We further demonstrate that the voltage and pH gradients are not 
p38- or Nodal-dependent, while the effects of BafA1 require p38 activity. Finally, we use 
functional assays to show that VHA activity is specifically required for the asymmetric 
onset of Nodal expression, and not for the subsequent spatial restriction of Nodal 
signaling activity. We conclude that the VHA-sensitive pH and voltage gradients are 
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required for dorsal p38 inactivation during DV specification. In this model, spatially 
uniform p38 activity results in global Nodal expression and ventralization (Fig. 3.14). 
Sea urchin DV patterning relies on the zygotic onset of expression of the TGF-β 
family member Nodal in a spatially restricted area of ectoderm, which thereby becomes 
specified as ventral  (Bradham and McClay, 2006; Duboc and Lepage, 2008; Duboc et 
al., 2004). The Nodal-expressing ventral ectoderm has been established as an organizing 
center which directs the specification of both the ventral and dorsal territories (Bradham 
and McClay, 2006; Duboc et al., 2008; Duboc et al., 2004; Duboc et al., 2005; Lapraz et 
al., 2015; Yaguchi et al., 2010). However, the events leading up to the onset of Nodal 
expression remain less clear. A mitochondrial asymmetry is present in the unfertilized 
egg and persists through the establishment of the DV axis (Coffman et al., 2009; Coffman 
and Davidson, 2001; Coffman et al., 2004; Modell and Bradham, 2011). The 
mitochondrial asymmetry is thought to produce a redox gradient in the embryo, such that 
the mitochondrially-enriched territory is more oxidized (Coffman et al., 2009; Coffman 
and Davidson, 2001; Coffman et al., 2004). Redox manipulation perturbs DV 
specification, and hypoxia blocks Nodal expression (Coffman et al., 2009; Coffman and 
Davidson, 2001; Coffman et al., 2004), although the link between a redox gradient and 
Nodal has remained unclear. Thus, there is the suggestion of a connection between 
differential biophysical states within the embryo and the regulation of Nodal expression. 
We show that inhibition of VHA activity does not impact the mitochondrial asymmetry, 
or presumably, the resultant redox gradient. We identify two additional and oppositely 
oriented biophysical gradients in voltage and in pH along the DV axis. We demonstrate 
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that VHA activity is required to maintain the steepness of both of these gradients, and is 
also required for the spatial control of p38 activity. We also show that the voltage 
gradient does not require p38 activity or Nodal signaling, consistent with the gradient 
functioning upstream of both events. We thus propose that the endogenous pH and 
voltage gradients, which may be oriented by the maternal redox gradient, encode spatial 
information which controls the activity of intermediate factors such as p38 MAPK. Since 
the redox, pH, and voltage gradients are each oriented along the DV axis, the data are 
consistent with a model in which the maternal redox gradient positions the pH and 
voltage gradients, whose sharpness is maintained by VHA activity. The pH and voltage 
gradients, in turn, mediate p38 inhibition at the acidic and hyperpolarized extreme of the 
embryo, thereby defining this territory as dorsal by preventing local Nodal expression 
(Fig. 3.14). In the absence of VHA, the flattened pH and voltage gradients do not 
suppress p38, and thus dorsal specification fails.  
Recently, the transcription factor Hbox12 and the TGF-β family member Panda 
have been described as inhibitors of the expression of Nodal in the dorsal domain in 
Paracentrotus lividus embryos (Cavalieri and Spinelli, 2014; Haillot et al., 2015). Both 
Hbox12 and Panda are expressed early and asymmetrically along the DV axis, making 
them potential candidates for regulation via VHA-mediated pH and voltage gradients. 
Moreover, Hbox12 is required for dorsal p38 inhibition, making this factor a strong 
candidate for transmission of the pH and voltage gradient information to the regulatory 
status of p38 MAPK (Cavalieri and Spinelli, 2014); the potential relationship between 
Panda and p38 was not assessed (Haillot et al., 2015). For both genes, however, it 
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remains unclear how the asymmetry of their expression is controlled, and whether their 
role in Nodal inhibition is generalizable to other sea urchin species. The LvHbox12 gene 
in particular has remained unidentified. It will be interesting to determine if either or both 
genes serve to connect the voltage and pH gradients to p38 regulation. 
Our results demonstrate that VHA activity is required for the asymmetric 
initiation of Nodal expression, but not for maintaining Nodal asymmetry. This conclusion 
is based on the complete rescue of BafA1-treated embryos by enforced asymmetric Nodal 
signaling, which is sufficient to rescue specification of the entire DV axis, despite the 
continuing presence of BafA1. Thus, regulation of the spatial extent of the Nodal 
signaling domain does not require VHA activity, and is maintained presumably through 
the action of a Turing reaction-diffusion system between Nodal and its inhibitor Lefty 
(Duboc et al., 2008; Muller et al., 2012). Later, BMP2/4 signaling specifies the dorsal 
ectoderm and also acts in opposition to Nodal signaling (Duboc et al., 2004; Yaguchi et 
al., 2010). These processes involving Lefty and BMP2/4 evidently proceed normally 
under continued VHA inhibition, as long as Nodal expression is initiated in an 
asymmetric manner. Similarly, the endogenous pH and voltage gradients described herein 
are not required to maintain the restriction of Nodal to the ventral side once the 
asymmetry is established.  
Intracellular pH is actively controlled within developing sea urchin embryos 
(Stumpp et al., 2011). Embryos expend a great deal of metabolic energy on pH 
homeostasis, and our study demonstrates why this tight control is necessary. We report 
that both the pH gradient and DV axis specification require the proton pump activity of 
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the VHA, suggesting a mechanistic link between the two phenomena. Interestingly, the 
future ventral side of the embryo is relatively depolarized, whereas the future dorsal side 
is relatively acidic. This finding suggests that the depolarization observed ventrally is due 
to an asymmetry of ions other than protons, since protons are found in greater 
concentration on the acidic dorsal side. However, dysregulating proton distributions by 
inhibiting the VHA also leads to a change in the relative depolarization of the ventral 
domain, and a flattening of the voltage gradient. We therefore suggest that VHA 
inhibition also indirectly changes the distribution of other ions as a compensatory 
response, consistent with our previous observations with another ion channel inhibitor 
(Schatzberg et al., 2015). This demonstrates a phenomenon wherein multiple ions are 
regulated in a concerted manner, or multiple channels work in parallel to regulate several 
different ions simultaneously (Aw et al., 2008; Beyenbach and Wieczorek, 2006; 
Lambrecht et al., 2005; Takahashi et al., 2014).  
Connecting biophysical phenomena such as pH and voltage changes to the 
regulation of transcriptional events remains experimentally challenging, but many 
precedents exist to demonstrate that cellular pH and voltage can be sensed and integrated 
by several well-known signaling pathways (Levin, 2007, 2014; McCaig et al., 2009; 
Murata et al., 2005; Tseng and Levin, 2012; Yang et al., 2004). In particular, the VHA 
itself can act as a pH sensor in some settings, both controlling the intracellular 
environment and responding to it by acting as a scaffold to activate downstream signaling 
(Dechant and Peter, 2011; Marshansky, 2007; Marshansky et al., 2014; Poea-Guyon et 
al., 2013; Recchi and Chavrier, 2006). The specific mechanisms at play in sea urchin 
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development have yet to be identified; our study provides a convenient experimental 
model in which to pursue the mechanistic steps present between the biophysical gradients 
and transcriptional activity leading to DV axis specification. 
An interesting implication of this study is the embryo’s apparent reliance on 
biophysical gradients – redox, pH, and voltage – in early development. This suggests that 
the embryo has the ability to integrate information across the entire organism. Different 
redox states, depolarization levels, and pH conditions are present between the ventral and 
dorsal territories. Likewise, the asymmetric initiation of Nodal expression relies on 
differential p38 activity, since either globally active (this study) or globally inhibited p38 
(Bradham and McClay, 2006) prevents DV axis specification. The embryo likely senses 
the differential in pH and/or voltage across the DV axis, rather than the absolute values of 
these properties. Regulative embryos such as sea urchins develop normally when 
separated into individual blastomeres early in development (Angerer and Angerer, 1999; 
Martinez Arias et al., 2013). This implies that the absolute value of a gradient is less 
important than the presence of the gradient itself, since each blastomere inherits different 
amounts of mitochondria, for example, but maintenance of a mitochondrial gradient is 
evidently sufficient to overcome this variation in absolute values. A clear understanding 
of how the embryo is able to process this information would be beneficial in the field of 
developmental biology, since biophysical signals such as pH and voltage are in wide use 
in developmental programs to encode large-scale axial polarity (Adams et al., 2006; 
Fukumoto et al., 2005; Levin, 2012). It will be of great value to discover how the embryo 
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integrates this information with transcriptional systems and temporal cues to carry out the 
developmental program.  
3.6 Conclusions 
In this study, we demonstrate that pH and voltage gradients are present along the 
DV axis of the developing sea urchin embryo, and are perturbed by VHA inhibition. 
These gradients do not require p38 MAPK activity or Nodal signaling. Upon VHA 
inhibition, the DV pH and voltage gradients are perturbed and the embryo is ventralized. 
Our results support a model in which these gradients direct the asymmetric inactivation 
of p38 MAPK on the dorsal side of the embryo, which in turn leads to the spatially 
restricted activation of Nodal expression on the ventral side. Once Nodal is 
asymmetrically activated, VHA activity is not required for the maintenance of Nodal 
asymmetry, or for the deployment of the DV specification gene regulatory network. This 
study provides a framework to further investigate the relationship between biophysical 
gradients and the subsequent signaling and transcriptional events that underlie DV 
specification during embryonic development. 
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Figure 3.1. V-type H+ ATPase (VHA) inhibition radializes the skeleton of sea urchin 
embryos. Lytechinus variegatus sea urchin embryo morphology (differential interference 
contrast – DIC – A, C, E, G, I) and skeletal morphology (montages of plane-polarized 
light images – B, D, F, H, J) at pluteus stage is shown in embryos treated with either 
DMSO (A-B), BafA1 (C-F), or ConA (G-J). Embryos were photographed in vegetal 
views (VV) (A-B, E-F, I-J) or lateral views (LV) (C-D, G-H).  
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Figure 3.2. Combined suboptimal doses of VHA inhibitors ConA and BafA1 
radialize the skeleton of sea urchin embryos. Embryos were treated with DMSO (A-
B), ConA (C-D, I-J), BafA1(E-F, K-L), or a combination (G-H) at the indicated doses. 
DIC images (A, C, E, G, I, K) and montages of plane-polarized light images (B, D, F, H, 
J, L) of embryos are shown at the pluteus stage. Embryos were photographed in vegetal 
views (A-B, I-L) or lateral views (C-H).  
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Figure 3.3. Treatment with VHA inhibitors produces a ventralized phenotype of the 
ciliary band and nervous system. Sea urchin embryos were treated from fertilization 
with DMSO (A, D), BafA1 (B, E), or ConA (C, F), then immunostained at pluteus stage 
for either the ciliary band (A-C, red) or for Synaptotagmin B (Syn B, a pan-neural 
marker, red) and serotonin (green). No specific staining for serotonin was detected in E-
F. Images are full projections of confocal z-stacks. Phase contrast images are inset. 
Embryos in A, D-F are in vegetal orientation, while B-C are lateral views. 
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Figure 3.4. ConA treatment radializes and ventralizes DV marker gene expression 
in the ectoderm. Embryos treated with either DMSO (A-O) or ConA (P-AD) were 
subjected to fluorescent in situ hybridization (FISH) at late gastrula stage for the ventral 
genes nodal (A, P), lefty (D, S), bmp2/4 (G, V), and chordin (B, E, H, K, N, Q, T, W, Z, 
AC) and the dorsal genes tbx2/3 (J, Y) and irxA (M, AB). Epifluorescent images for each 
gene are shown; DIC images with fluorescent overlays are also presented (C, F, I, L, O, 
R, U, X, AA, AD).  
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Figure 3.5. Nodal onset is timed correctly but spatially unrestricted in BafA1-
treated embryos. Embryos treated with either DMSO (A-J) or BafA1 (K-T) were fixed 
at the indicated time points and subjected to fluorescent in situ hybridization for nodal 
(red). A-E, K-O: epifluorescent images. F-J, P-T: DIC with fluorescent overlays. When 
identifiable, the ventral side of the embryo was oriented towards the top of the image. 
Percentages in the bottom left corner of each panel correspond to the percentage of 
embryos in the group with the expression pattern shown. Abbreviations: hpf – hours post 
fertilization.   
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Figure 3.6. Nodal expression is global in BafA1-treated embryos from onset. Graphs 
represent the percentage of embryos with asymmetric (blue) or global (red) Nodal 
expression for DMSO- (A) or BafA1-treated embryos (B). Results are compiled from 5 
independent experiments, n > 15. * indicates p value is < 0.05 for BafA1 compared to 
DMSO.  
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Figure 3.7. Expression of the VHA 116 kDa subunit peaks at the time of Nodal 
onset. Relative mRNA levels of LvVHA116 in DMSO- (blue squares) and BafA1-treated 
embryos (red triangles) are plotted with respect to time. Normalized ΔCT values are 
presented as averages ± SEM, with respect to the mRNA levels of LvVHA116 in DMSO-
treated embryos at 3 hpf. 
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Figure 3.8. Endocytosis is not required for specification of the DV axis. Embryos 
were treated with DMSO (A-B), Dynasore hydrate, an inhibitor of clathrin-dependent 
endocytosis (DS, C-D), BEL, an inhibitor of transferrin recycling (E-F), or EGA, an 
inhibitor of late endosome recycling (G-H). Embryonic morphology (DIC, A, C, E, G) 
and skeletal birefringence (B, D, F, H) are shown at pluteus stage. Embryos were 
photographed in vegetal views.   
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Figure 3.9. BafA1 treatment flattens the pH and voltage gradients present across the 
dorsal-ventral (DV) axis in control embryos, but does not alter mitochondrial 
asymmetry. Embryos were labeled treated with either DMSO (A-D, J-M) or BafA1 (E-
H, N-Q), then labeled with MitoTracker (C, J, N; green), LysoTracker (A, E, G; red), 
DiSBAC (L, P; red), or a combination and imaged at 5-6 hpf. Pseudocolored versions of 
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each image are shown to better display the gradients; the inset LUTs provide the scale (B, 
D, F, H, K, M, O, Q). The percent difference in LysoTracker signal across the embryo is 
plotted as the average ± SEM (n = 12) (I). The percent difference in MitoTracker and 
DiSBAC signal across the embryo is plotted as the average ± SEM (n = 12) (R). DIC 
images for each embryo are inset. Embryos are oriented with ventral towards the top of 
the figure. Each image is a single confocal z slice. Abbreviations: Alk – alkaline; Acid – 
acidic; Mito – mitochondria; hyperpol – hyperpolarized; depol – depolarized; N.S. – not 
significant.  
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Figure 3.10. VHA activity is required for normal transient p38 inactivation on the 
dorsal side of the embryo. DMSO- (A-C) or BafA1-treated embryos (D-F) were 
observed for p38 MAPK dynamics. A single DMSO- (A-C) or BafA1- (D-F) treated 
embryo is shown at the indicated time points post-fertilization. These exemplars are 
representative of 3/3 independent biological replicates of DMSO-treated embryos and 6/6 
independent biological replicates BafA1-treated embryos. Images are partial z-stack 
projections with DIC insets. Ventral is oriented towards the top of the figure when 
identifiable.  
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Figure 3.11. The VHA-mediated voltage gradient does not require p38-MAPK 
activity or Nodal expression or signaling. Embryos were untreated (A-D), treated with 
DMSO (E-H), BafA1 (I-L), SB203580 (SB20 M-P), or SB431542 (SB43 U-X), or 
microinjected with Nodal morpholino (Nod MO Q-T). DiBAC (green) images were 
collected at 5-6 hpf as a single confocal z slice, and were pseudocolored using the 
indicated LUT (B, inset) (left panels). Corresponding DIC images are inset. Larval DIC 
and skeletal images were collected at 48 hpf (right panels). The percent difference in 
DiBAC across the embryo is plotted as average ± SEM (n ≥ 12) (Y). The only treatment 
statistically significantly different from DMSO-treated embryos is BafA1 treatment. 
Embryos are in vegetal views with ventral oriented towards the top of the figure. 
Abbreviations: hyperpol – hyperpolarized; depol – depolarized.  
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Figure 3.12. BafA1 treatment is not sufficient to ventralize embryos when p38-
MAPK activity is blocked. DMSO- (A-D), BafA1- (E-H), SB20- (I-L), and BafA1 + 
SB20-treated embryos (M-P) were subjected to FISH for nodal (red, B, F, J, N) at 7 hours 
post fertilization (hpf) and imaged at 48 hpf for skeletal morphology (D, H, L, P). Q: 
qPCR at 7 hpf for the ventral genes The relative expression levels of Nodal, Lefty, and 
Chordin are plotted as average ∆CT ± SEM compared to DMSO, with the threshold for 
significance marked at 1.6 cycles by a dotted line (Y).   
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Figure 3.13. The BafA1- induced phenotype is rescued by asymmetric initiation of 
Nodal signaling. Embryos were injected as indicated in schematics, along with green 
lineage tracer in the zygote, and red tracer in one cell at the 4-cell stage (A, F, K, P, U), 
then treated with either DMSO (B-C, G-H, L-M, Q-R, V-W) or BafA1 (D-E, I-J, N-O, S-
T, X-Y). For each embryo, skeletal morphology is shown at the pluteus stage with the 
corresponding DIC image inset (B, D, G, I, L, N, Q, S, V, X), along with epifluorescent 
images of the lineage tracers, with the zygotic tracer inset (C, E, H, J, M, O, R, T, W, Y). 
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These exemplars are representative of three independent experiments. Embryos are 
shown in vegetal orientations, except for I-J, which are lateral. Abbreviations: Flu – 
fluorescein, TMR – rhodamine.  
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Figure 3.14. A model for VHA activity in the developing sea urchin embryo. Our 
results are consistent with a model in which VHA activity, under the spatial control of a 
maternal mitochondrial gradient (dashed arrow), is required for the maintenance of pH 
and voltage gradients along the DV axis of the embryo. These pH and voltage gradients 
direct a transient inactivation of p38 on the dorsal side of the embryo, which is required 
for the asymmetric onset of Nodal expression in the ventral domain. Abbreviations: V – 
ventral, D – dorsal, pos – positive/depolarized, neg – negative/hyperpolarized. 
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Chapter Four 
Discussion and future directions 
4.1 Summary of findings 
 Prior to the experiments described in this thesis, a comprehensive study of the 
roles of bioelectricity in sea urchin development had not been reported. It was known that 
HKA activity is required for patterning the left-right (LR) axis in sea urchins and that 
treatment with a calcium ionophore disrupts specification of the other two embryonic 
axes: the anterior-posterior (AP) axis and the dorsal-ventral (DV) axis. Because ion 
channel activity controls bioelectrical processes, we hypothesized that inhibiting ion 
channels would reveal the roles of bioelectricity in development. We thus examined the 
roles of bioelectricity throughout sea urchin embryonic development by performing a 
screen of ion channel inhibitors. Two phenotypes of particular interest were chosen for 
further study. 
 In Chapter Two, we demonstrate that bioelectricity is required for 
biomineralization of the sea urchin larval skeleton. We show that HKA activity is 
required for biomineralization. In HKA-inhibited embryos, we show embryo-wide 
disruptions in membrane voltage and cytoplasmic pH and ion concentrations, yet 
specification of the ectoderm and PMCs is normal as tested by in situ hybridization and 
qPCR of many spatially-restricted genes. We show that HKA inhibition prevents 
continued biomineralization in embryos where the skeleton has already started to grow, 
suggesting that HKA inhibition does not affect patterning of the skeleton. Using a panel 
of ion-sensitive fluorescent dyes, we show that membrane voltage and cytoplasmic pH 
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are normal in the PMCs during skeletogenesis, while sodium and chloride ion 
concentrations are perturbed at these time points. Furthermore, we show increased 
calcium ion concentrations in the PMCs of HKA-inhibited embryos, but fewer calcium-
rich puncta, which correspond to vesicles of precipitated skeletal mineral, demonstrating 
that the defect in biomineralization occurs at the step of mineral precipitation. Finally, we 
speculate that perturbed sodium and chloride ion concentrations may prevent normal 
import of carbonate ions into the PMCs and that this defect could explain the block to 
biomineralization observed in these embryos. Interestingly, human patients on long-term 
HKA inhibition therapy for acid reflux also are reported to have decreased 
biomineralization. We hypothesize that a similar mechanism may be at play in these 
patients, whereby HKA inhibition perturbs sodium concentrations and prevents normal 
import of phosphate ions to the site of biomineralization.  
 In Chapter Three, we describe voltage and pH gradients that are present across the 
DV axis of early sea urchin embryos. These gradients do not require the activity of p38-
MAPK or the TGFβ family member Nodal. We show that VHA activity is required both 
for the sharpness of these gradients and for specification of the DV axis. Using in situ 
hybridization, we show that VHA-inhibited embryos are ventralized about the DV axis 
and that these embryos initiate expression of Nodal in a global manner. The global 
expression of Nodal is explained by the maintained global activity of p38 MAPK, which 
is transiently asymmetric in normal embryos. We thus hypothesize that VHA-mediated 
pH and voltage gradients transmit spatial information governing the asymmetric activity 
of p38; in the absence of these sharp gradients p38 remains globally active and Nodal 
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expression is initiated radially. Finally, we show through experimental spatial restriction 
of Nodal signaling that VHA activity is not required other than for the asymmetric 
initiation of Nodal expression. Once Nodal is initiated in a spatially constrained manner, 
the rest of embryonic development proceeds normally even under continued exposure to 
VHA inhibitors.  
 Together, the results of our screen demonstrate that bioelectricity is required for 
many different processes in sea urchin embryonic development. Specifically, we 
investigated its role in biomineralization and specification of the DV axis. 
Biomineralization requires HKA activity and our study sheds light on the ionic state of 
the PMCs. Furthermore, it allows us to form a testable hypothesis to explain why human 
patients on long-term HKA inhibitor therapy have decreased bone mineralization; we 
propose that perturbed sodium ion concentrations may underlie the phenotype observed 
in these patients.  
 Patterning of the DV axis takes place early in development and is required for 
embryonic viability. Despite more than a decade of focus, our understanding of how DV 
axis specification is controlled prior to the initiation of Nodal expression is incomplete. 
To our knowledge, we are the first to report pH and voltage gradients across the DV axis 
of normal embryos. The ventral side is relatively depolarized while the dorsal side is 
relatively acidic. The sharpness of these gradients relies on VHA activity, which is also 
required for DV axis specification. These results suggest that the pH and voltage 
gradients are functionally relevant in DV axis specification, a novel finding. The way in 
which the pH and voltage gradients connect to later events in DV axis specification 
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remains unknown, but this study lays important groundwork for future work to fully 
understand the way in which DV axis specification is controlled. 
 When performing experiments in a specific animal model system such as the sea 
urchin, it is important to consider how relevant the results may be to other organisms. 
With our study of HKA inhibition, we were able to generate testable hypotheses that 
could demonstrate a conserved role of HKA inhibition in sea urchins and humans, 
suggesting that our conclusions could be much more widely applicable. In both species, 
HKA inhibition prevents normal biomineralization. We show in sea urchin that pH is 
normal in the PMCs at the time of biomineralization, but sodium and chloride ion 
concentrations are perturbed. It would be extremely interesting to perform similar 
experiments on human or rat osteoblasts in culture, which can easily be treated with 
similar levels of HKA inhibitors and imaged for pH and ion concentrations by the same 
methods we used to assess PMC bioelectrical states. 
 Our results that VHA inhibition prevents normal DV axis specification are one 
more demonstration that bioelectrical signals control large-scale patterning events. There 
is evidence from sea urchin, frog, fish, and chicken embryos that bioelectricity is an early 
and required component of axial patterning. Bioelectricity is also required in regeneration 
in frogs and planarians and may be involved in patterning the regrowing appendage. 
However, in most cases the ion channels responsible for bioelectricity required in each 
model system vary. These results suggest that bioelectricity as a mechanism to control 
patterning may be a conserved signal, yet the ion channels required to produce the signal 
can be interchangeable depending on the developmental model system being studied. 
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This may also be true of the mechanisms used to transduce the bioelectrical signals into 
transcriptional regulation, although in most cases these mechanisms have not been 
identified.   
4.2 Future directions 
 This thesis provides a useful framework for many future studies of the roles of 
bioelectricity in the sea urchin embryo. Our initial screen revealed many interesting 
phenotypes resulting from inhibition of specific ion channels and a detailed investigation 
of each one is merited. Our efforts with the HKA and VHA phenotypes provide a 
precedent for that future work. Some of these investigations are ongoing, and the lessons 
learned from the studies in this thesis will be instructive. For example, defects in 
patterning of the LR axis with HKA inhibition had previously been reported in sea 
urchins. When we performed our HKA studies, we found that the different phenotypes 
were present at different doses – while LR axis defects occurred at low doses of HKA 
inhibitors, blocks to biomineralization required higher doses. The LR axis defects 
persisted at higher doses. Therefore, each ion channel inhibitor that is studied should be 
examined at several doses, as different phenotypes may be evident depending on the level 
of inhibition.  
 We would also like to follow up with the HKA studies by measuring carbonate 
concentrations in SCH28080-treated PMCs to test our hypothesis that HKA inhibition 
ultimately perturbs the import of carbonate ions into the PMCs. This will be a technically 
difficult undertaking since no methods exist to measure carbonate ions by fluorescent 
imaging as we have been able to do with the other ions we tested. Two methods that 
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might be of interest to measure PMC carbonate concentrations are ion chromatography 
and spectrophotometry of lead-carbonate complexes (Byrne and Yao, 2008). We have 
existing methods in the lab to isolate PMCs from dissociated embryos at any stage by 
FACS sorting. These isolated PMCs could be lysed and the carbonate concentrations 
measured. The experimental methods for measuring carbonate ions would need to be 
optimized for a small sample size, and it remains to be seen if either of these methods is 
sufficiently sensitive to detect physiological variation of intracellular carbonate ions. 
 We would like to identify the HKA in Lytechinus variegatus, since no HKA gene 
has been identified in a sea urchin. Many candidate genes exist, but it is not possible to 
determine if they are true HKA transporters or closely related Na+/K+ ATPase by 
sequence alone. We can take advantage of the fact that the inhibitor omeprazole binds 
HKA covalently. As such, omeprazole can be used to pull down HKA protein from 
embryo lysates and the protein can be analyzed by mass spectrometry to determine the 
amino acid sequence. The amino acid sequence would be compared to the candidate 
HKA genes present in our transcriptome to determine which is the true HKA gene. Then 
we will be able to confirm the results of our study using genetic methods such as 
morpholino knock-down of HKA to eliminate the possibility that we are observing off-
target effects of the inhibitors.  
 Finally, we would like to extend the HKA study to vertebrate cells in vitro. Rat 
and human osteoblasts can be cultured, either from primary sources or as immortalized 
osteoblast-like cell lines (Taylor et al., 2014). This would be a convenient model in which 
to test whether HKA inhibition of these cells leads to pH dysregulation or rather changes 
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in ions such as sodium, chloride, and carbonate. By growing the cells on coverslips, we 
would be able to use the same techniques as in Chapter 2 of this thesis to measure 
membrane potential, cytoplasmic pH, and sodium and chloride ions in cells grown with 
or without HKA inhibitors. These experiments would allow us to understand how general 
the requirement for HKA activity is for biomineralization across species. 
 In our study of VHA inhibition and DV axis specification, the major open 
question that remains is how the pH and voltage gradients are translated by the embryo 
into asymmetric p38 MAPK activity. Two interesting candidates have been identified in 
other sea urchin species – the transcription factor Hbox12 and the TGFβ family member 
Panda. Both of these genes are expressed only on the dorsal side of the embryo prior to 
the initiation of Nodal expression, although how their expression is regulated is not 
known. Hbox12 is required to inhibit p38 activity on the dorsal side of the embryo. 
Whether a relationship exists between Panda and p38 activity has not been demonstrated. 
The evidence suggests that the role of Panda is to restrict the spread of Nodal expression 
once it has been initiated; thus the more likely candidate to elucidate the link between pH 
and voltage gradients and asymmetric p38 activity is Hbox12. This transcription factor 
has not yet been identified in Lytechinus variegatus. If we are able to identify it, loss of 
function and gain of function experiments in conjunction with VHA inhibition may lead 
to a better understanding of how the initiation of Nodal expression is controlled.  
 A weakness of our VHA study is that we have not been able to show causation 
between defective biophysical gradients and the subsequent global initiation of Nodal 
expression. This is because we do not currently have the tools to directly manipulate the 
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biophysical gradients in the embryo. One tool of interest is optogenetics, where light can 
be used to control the gating of genetically engineered ion channels. These ion channels 
could easily be expressed in the embryo by microinjection of mRNA. However, the 
optogenetic channels currently in use are optimized for neurons which means they have 
fast kinetics of opening and closing. This would not be appropriate for bioelectrical 
signals that probably require a long duration of ion channel activation to achieve the 
appropriate downstream signals. Another possibility for controlling the biophysical 
gradients comes from the lab of one of our collaborators (Adams et al., 2007). They used 
a P-type H+ ATPase from yeast which is insensitive to VHA inhibitors (PMA). We could 
express PMA in one quarter of the embryo with fluorescent lineage tracers and treat with 
VHA inhibitors to prevent endogenous VHA activity. This would allow us to determine 
where H+ pumping is required to establish the biophysical gradients – either ventral or 
dorsal, depending on where the lineage tracers are found after the DV axis is established. 
We could perturb the gradient by expressing PMA either in opposed quadrants or 
globally in the embryo so that a smooth gradient could not be established, and determine 
what effect such perturbations have on the DV axis. We will also be able to use DiBAC 
or LysoTracker imaging to visualize the gradients in these perturbed embryos. PMA has 
the further benefit of being found only on the cell membrane. It is not involved in 
acidifying intracellular organelles the way VHA is. Thus, if we can manipulate the 
biophysical gradients by PMA activity and these manipulations are relevant to DV axis 
specification, we will have further confirmation that the role of VHA activity in DV axis 
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specification is by modulation of cytoplasmic pH or membrane potential, rather than by 
effects on endocytosis or autophagy.  
 Finally, we would like to measure the biophysical gradients using 
electrophysiology. These measurements would allow us to know how large the 
differences in membrane potential are across the DV axis. These data could help our 
understanding of how large a difference is needed for biological relevance in patterning. 
Electrophysiology is a challenging technique to master, so this would need to be 
undertaken with a collaborator. Patch clamping is not possible in sea urchin embryos 
because every cell is ciliated, but thin electrodes may be sufficient to make measurements 
of membrane potential and pH across the DV axis of live embryos. We would label the 
embryos with MitoTracker to orient the DV axis prior to the electrophysiology 
measurements.  
4.3 Conclusion and perspectives 
 Prior to this thesis, little was known about the role of bioelectricity in the 
development of sea urchin embryos. Our screen demonstrated that many ion channels are 
required during normal development for a range of different processes. In particular we 
showed that bioelectricity is required for biomineralization and DV axis specification. 
Our work has demonstrated the complexity of information present in developing 
embryos. The focus in development is often on transcriptional events, yet we show that 
bioelectricity is another level of control over developmental processes, and this is 
manifested through ion channel activity. This is particularly true in the case of HKA 
inhibition, where none of the PMC specification and differentiation genes that we tested 
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were differentially expressed in HKA-inhibited embryos compared to controls, despite 
the very obvious phenotype they displayed. In DV axis specification, a more complex 
relationship seems to exist between bioelectricity and the transcriptional events that 
specify the axis. The endogenous voltage and pH gradients appear to be required to 
control the activity of p38 MAPK and the transcription of Nodal, and these gradients may 
themselves be controlled by other transcriptional or signaling events. In this example, the 
intersection between biochemical signaling and transcription with bioelectricity is 
required for a normal developmental process, so these different levels of information 
should not be investigated independently of each other. Bioelectricity is used by the 
embryo to control several developmental processes; using ion channel inhibitors to probe 
the requirements for bioelectrical changes during embryonic development has allowed us 
to uncover new and fundamental biophysical processes that intersect with better 
understood signaling events.   
 A fascinating result to come out of this work is the presence and apparent 
functional relevance of pH and voltage gradients in the early embryo. What remains to be 
understood is how these gradients interact with the signaling and transcriptional 
machinery that establishes DV axis specification. Further work will be needed to probe 
the connections between biophysical states and signaling and transcriptional activity in 
the developing sea urchin embryo. We hope those results will help expand our knowledge 
of how embryonic development is controlled. 
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